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Summary  
This dissertation is the result of four years of research carried out in ultrafast spectroscopy 
and imaging group at National University of Singapore and in MoNOS group at Leiden 
University on the study of nonlinear optical properties of metal nanoparticles. This thesis 
entitled: “Transient absorption spectroscopy of noble metal nanoparticles” is my own work 
and has not been submitted previously, in whole or in part, in respect of any other academic 
award. 
I started the project in 2009 with the beginning of familiar with the ultrafast pulsed 
laser system. After the initial period of learning the experimental setup, I decided to use the 
ultrafast two-colour pump-probe technique to study the metal nanoparticles. Our aim was that 
we could be able to detect the electron dynamics of different plasmons in gold nanorods, for 
example, the transverse and longitudinal plasmon resonances. The detailed results will be 
discussed in chapter 2. The first experiment helped us to understand that the plasmon 
dynamics are directly related to excitation energy distribution into the different plasmon 
modes, which are excitation wavelength and fluence dependent. 
Since then, we were getting more understanding of the transient absorption 
spectroscopy of gold nanorods in solution. However, we realized that to fully understand the 
experimental observations, we need to eliminate the inhomogeneous distributions and thus the 
single-particle measurements are highly desirable. 
Finally, I was allowed to collaborate with Prof. Michel Orrit, Dr. Peter Zijlstra at 
Leiden University in The Netherlands. They have expertise in studying single particles by 
using pump-probe spectroscopy. This allowed us to remove the ensemble averaging by 
studying a single nanorod. Combining with the white-light scattering spectra from single gold 
nanorods, we can correlate the linear spectroscopy with the nonlinear spectroscopy well 
accurately. The detailed transient absorption spectra of gold nanorods near its longitudinal 
plasmon resonance will be discussed in chapter 3. We found an electron phonon coupling 
constant in single gold nanorods which is in good agreement with the ensemble measurements 
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in solution. The experimental transient absorption spectrum of a gold nanorod is well 
reproduced by theoretical calculations. 
We also measured the acoustic vibrations of a single gold nanorod. As we will explain 
it in chapter 4, these acoustic vibrations of gold nanorods contain important information about 
the environment, which gives us a way to use the gold nanorods as probes to detect the 
microenvironment at high frequency from 1 GHz to 1000 GHz. Finally, we also studied the 
changes of the vibrational frequencies by coating silver layer on single gold nanorods. The 
high frequency acoustic vibrations allow us to detect one layer of silver atoms deposited on 
gold nanorods. The sensitive response of breathing mode provides a novel tool to characterize 
the small amount mass deposition on gold nanorods. This will be discussed in chapter 5.  
The physics of metal nanoparticles is addressed in chapter 1 of this thesis. We will give 
an overview of the optical properties of metal nanospheres, nanorods, bimetallic core-shell 
nanorods by using Mie’s theory and Gans’ approximation. We will also describe the 
nonlinear optical responses of a metal nanoparticle upon the excitation by short laser pulses. 
Combining the Rosei model and Two-temperature model, we will describe a theoretical 
understanding of the nonlinear optical spectroscopy and electronic dynamics of metal 
nanoparticles. With the theoretical and experimental studies, we hope you will understand the 
transient absorption spectroscopy of noble metal nanoparticles after reading this thesis.   
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to scale). The white-light beam and the pump- and probe-pulses are focused by a high-
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are shown in Figure 5.2a. All the curves display both the breathing mode and the extensional 
mode. The red lines are fits to the experimental data using eq 1. (b) Power spectral density of 
the oscillatory part of the traces in (a). The extensional mode at low frequency hardly changes 
with increasing silver thickness up to 4 nm, while the frequency of the breathing mode 
decreases as indicated by the arrow. 
 
Figure 5.5: Vibrational frequencies and damping times of gold nanorods coated with various 
amount of silver shell. Experimental data of the vibrational frequencies of extensional mode 
(a) and breathing mode (b) of gold nanorods upon a gradual increase of the silver shell 
thickness up to 5 nm. Quality factors of the extensional mode (c) and the breathing mode (d) 
of gold nanorods coated with various amount of silver shell. 
 
Figure 5.6: Calculated vibrational frequencies of the breathing mode (a) and the extensional 
mode (b) of gold nanorods with size 25 nm × 54 nm versus the uniformly coating of a silver 
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Chapter 1 Introduction of Optical Properties of 
Noble Metal Nanoparticles 
 
Noble metal nanoparticles, with diameter ranging roughly between 1 and 100 nanometers, are 
known to display many unique optical properties and have received great attention in the past 
two decades. The most striking phenomenon encountered in noble metal nanostructures is 
electromagnetic resonance due to the collective oscillations of the conduction electrons 
termed plasmons. Because of the reduced sizes of nanoparticles, which gives rise to quantum 
confinement of electrons, plasmons are easily excited by incident light and lead to strong light 
scattering and absorption and an enhancement of the local electromagnetic field. Those 
appealing characters of plasmons make the noble metal nanoparticles attractive not only in 
fundamental science but also in potential technological applications. 
Although optical properties of noble metal nanoparticles have been of great interest for 
centuries, modern scientific understanding did not begin until Michael Faraday’s work of the 
1850s.1 Until 1908, Gustav Mie provided the exact analytical solution to interpret 
quantitatively the scattering and absorption by spherical metal nanoparticles.2 The response of 
a metal sphere to an external electromagnetic field can be calculated by solving Maxwell’s 
equations. Although the theory of electrodynamics developed by Maxwell in the 19th century 
successfully describes the interaction of magnetic and electric fields in free space, it fails to 
depict the light interaction with matter. Until the beginning of the 20th century the internal 
structure of solids was slowly discovered and provided the background for understanding the 
interaction of light with matter. By including the materials properties (for example the 
complex dielectric function ε) in the extended Maxwell’s equations, the linear optical 
properties are therefore theoretically predicted. 
The nonlinear optical properties have also been seen tremendous advance in the past 
two decades. In this chapter we will review one aspect of the fundamental optical properties 
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of noble metal nanoparticles: the dynamics that occur following absorption of photons or 
exciting the plasmon oscillations. Understanding the sequence of the events following photon 
absorption and their theoretical analysis are the core of this chapter. The different 
photophysical processes are discussed in chronological order, that is, starting with optical 
excitation and dephasing of the plasmon, going through internal relaxation of the electrons via 
electron-electron scattering, electron-phonon coupling and ending with energy dissipation in 
the environment, together with the particle oscillations.3-5  
To understand electron dynamics of metal nanoparticles, we use the ultrafast lasers 
with femtosecond resolution as the study tools. We will briefly describe the optical setup in 
our studies, including a description of pump-probe spectroscopy on ensemble measurements, 
single-particle pump-probe spectroscopy on microscopy, a general discussion of the white-
light scattering, light sources and detectors for single particle studies. At the end of this 
chapter, an outline of the research that I have conducted is presented. 
 
1.1 Noble Metal Nanoparticles 
Consider two pieces of solid gold, one is much bigger than the other, they are supposed to be 
shiny and yellowish-orange to our naked eyes. Also they will have the same intensive 
properties as bulk gold in every sense: the same elastic moduli, the same density, the same 
heat capacity, the same thermal conductivity and the same melting temperature. You may say 
that this is obvious: the smaller solid gold is still made out of gold, with the intrinsic material 
properties that belong to it. However, keep reducing the size of the solid gold to the size range 
of 1 nm to 100 nm –which is called nanoparticle, at some point, the material properties will 
become very different from the bulk material properties. The emerging properties will depend 
on the size and shape of the object. Because of this interesting phenomenon, nanoparticle 
research is in rapid expansion so as to understand the properties of these materials as 
functions of their size and shape. 
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It is one of the first big challenges of physical and chemistry science today to 
synthesize the uniform and various kinds of shape of nanoparticles, especially for noble metal 
nanoparticles which gave spectacular optical properties in the visible range. Since 1850s, the 
first documented solution-phase synthesis of gold metal nanoparticles was reported by 
Michael Faraday. Numerous methods have been developed to synthesize noble metal 
nanoparticles using wet chemistry. For instances, gold nanospheres, gold nanorods, Au/Ag 





Figure 1.1: Transmission electron microscope images of (a) gold nanospheres, (b) gold 
nanorods, (c) Au/Ag core-shell nanorods, and (d) scanning electron microscope image of 
silver nanowires. 
 
1.2 Optical Properties 
This subsection gives an introduction to the linear optical properties of noble metal 
nanoparticles (Ag and Au). Discussions are the optical properties of their bulk metals and Mie 
theory to understand the extinction spectra of spherical nanoparticles, nanorods and core-shell 
shapes. 
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Dielectric Constants of Ag and Au 
The optical properties of bulk materials can be described either by the complex dielectric 
function or similarly by the complex index of refraction 
1.1iε ε ε′ ′′= +  
1.2n n ik= +%  
The complex index n% is related to the dielectric function ε by 2nε = % .The real part n% of the 
index of refraction is given by the phase velocity /v c n= of an electromagnetic wave 
propagating through a medium, while the imaginary part k is determined by the attenuation of 
an electromagnetic wave propagating through the medium. In metals, there are many free 
electrons in the conduction bands (sp), however, in order to consider the absorption of light in 
visible range, we must include the influence of bound electrons in the d bands. As a 
consequence, the total dielectric function ε of the noble metals can be written as the sum of 
two contributions, one due to electron transitions in the conduction band (intraband transitions) 
and the other arising from transitions from d bands to the conduction band (interband 
transitions): 
1.3D ibε ε ε= +  
where the Dε is described classically of the free electrons via the Drude model6, and ibε can 
be calculated by Rosei model.7-10 These are especially necessary when considering the 
temperature dependent optical properties of metal nanoparticles and we will discuss the 
temperature dependent dielectric functions in the next section. 
It has to be emphasized that the wavelength-dependent optical constants (dielectric 
function) are the fundamental quantities which determine the optical properties of matter. 
Therefore, it is necessary to know the optical constants in many applications of absorption 
and scattering of light by small particles. Determination of the optical constants by 
experimental methods is not an easy task even for homogeneous solids at room temperature, 
particularly in spectral regions of very high or very low absorption. A brief survey of methods 
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for determining optical constants of the bulk materials has been discussed by Bohren and 
Huffman (1982).11  
The dielectric functions of Ag and Au had been measured by Johnson and Christy.12 
Figure 1.2 shows the real and imaginary parts of the permittivities of Ag and Au as functions 
of photon energy. The real part of the permittivity is negative and large in the red to near-

























Figure 2.2: (a) Real and (b) imaginary parts of the dielectric functions of bulk silver and gold 
(data measured by Johnson and Christy12). 
 
Optical Properties of Metal Nanoparticles 
The interaction of light with small particles depends strongly on the size, shape and 
composition of the particles, as well as the composition of the medium in which the particles 
are embedded. This section will discuss the linear optical properties like extinction and 
scattering of small metal nanoparticles (such as spheres, nanorods and core-shell nanorods) 
accounting for the surface plasmon resonance (SPR) absorption.  
 
Nanospheres 
The small sizes of metal nanoparticles confine the electrons in the small volume leading to 
significantly different optical properties as compared to bulk materials. Solving the problem 
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of absorption and scattering of light by such a small particle involves solving Maxwell’s 
equations with correct boundary conditions. Described by Mie theory, the optical properties 
of the sphere depend on the radius of the sphere R and on the dielectric function of both the 
sphere pε and the surrounding medium mε . We can then express the scattering and extinction 
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where mk is the wavenumber in vacuum, and na and nb are the scattering coefficients defined 
by 
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where mx kRε= is the size parameter of the system, /p mm ε ε=  and nψ and nξ are the 
thn order Riccati Bessel functions.11 The prime indicates differentiation with respect to the 
argument. The absorption cross section can be found from the optical theorem via the relation:  
1.8abs ext scaσ σ σ= −  
For spherical particles which are small enough compared to the wavelength of light, the 














kσ απ ε ε=  
where α is the polarizability for a spherical particle given by the Clausius-Mosotti relation:
 







ε εα ε ε ε ε
−= +  
in which V is the volume of the sphere.  
In order to calculate the absorption cross section of a metal sphere, we require the 
dielectric function of the particle. Till now, most calculations involving metals use a dielectric 
function known from measurements. The measurements by Johnson and Christy12 are 
generally considered to be the most reliable, and will be used in this thesis. In Figure 1.2 we 
plot the real and complex parts of the dielectric functions of bulk gold and silver. 
However, to reliably obtain quantitatively optical cross sections for very small particles 
(R < 10 nm), we need to do some modifications of the dielectric functions and the effects of 
electron surface scattering have to be taken into account.13-14 Surface scattering leads to 
additional collisions of the conduction electrons. This effect becomes more prominent in 
small metal particles with high surface to volume ratio. The additional damping surfaceγ is 
given empirically by Kreibig:15-16 
/ 1.12surface fA Rγ υ=  
with the particle radius R and an empirical parameter A describing the loss of coherence by 
the scattering event. A is found to be dependent on surface chemistry. Typical value in gold is 
0.33 and in silver is between 0.1 and 0.7.14,17 fυ is the velocity of the electrons at the Fermi 
energy.  
To account for the size effect, radiation damping is another factor that needs to be 
included in the analysis which is a volume dependent factor. It is given by:18-19  
2 1.13rad Vγ κ= h  
where κ is a constant that characterizes the efficiency of radiation damping and the value is 
7 1 35.5 10 fs nm− − −× ⋅ which is taken from literature.14 V is the particle volume.  
Therefore, based on Drude model, the size dependent material dielectric function 
( , )D Rε ω can be given by the following expression:20  
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2
2( , ) 1 1.14
p
D R i
ωε ω ω γω= − +  
where 2 2 0( / ( ))p effne mω ε= is the bulk plasmon frequency expressed in terms of the free 
electron density n , the electron charge e , the vacuum permittivity 0ε , and the electron 
effective mass effm . 0 surface radγ γ γ γ= + + , and 0γ is the bulk damping constant. The 
damping constant γ is related to the lifetimes of all electron scattering processes in the 
particles that are mainly due to the electron-electron, electron-phonon, and electron-defect 
scattering. For small particles, electron-surface scattering becomes important and dominant 
the damping processes. 
To account the size dependent dielectric constant, the dielectric function can then be 
written as a combination of the bulk values and Drude terms as shown here: 
0( , ) ( , ) ( , ) 1.15bulk D DRε ω ε ε ω γ ε ω γ= + −  
For other shapes, for example nanorods, we use an effective radius to do the calculation by 
considering the size dependent dielectric constant.5  
 

































R= 5 nma) b)
 
Figure 1.3: Calculated extinction cross sections of gold sphere. (a) Calculated extinction cross 
sections of gold spheres of various radii, embedded in water with mε  = 1.33. (b) Illustration 
of the dependent of SPR on the surrounding refractive index with R = 5 nm. 
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The above formalism enables us to calculate the optical cross sections of a spherical 
particle as functions of the particle radius R and the refractive index of the surrounding 
medium mn . Figure 1.3 shows examples of these spectra and gives a close look at how the 
absorption cross section depends on size (Fig. 1.2a) and the refractive index of the 
environment (Fig. 1.2b). The spectra have a rather broad plasmon resonance around 520 nm, 
caused by the collective free electron oscillations. The broad spectra and the highly 
asymmetric shapes are caused by the interband transitions of the bound electrons in gold. This 
interband absorption is clearly observed as a sharp increase in the imaginary part of the 
dielectric function of gold around 400 nm (see Fig. 1.1b). The absorption cross section 
increases with size as 3R . Also as expected, there is red-shift of the plasmon resonance as the 
increases of the refractive index mn .  
 
Nanorods 
Mie’s theory gives an exact solution for the absorption and scattering cross sections, but 
applies only to spherical particles. The theoretical description of scattering of light by 
nanorods of finite length is complicated due to the lack of symmetry in the problem. To be 
able to deal with more general particle shapes, we will therefore approximate the shape of a 
nanorod with a very small ellipsoid, for which a simple solution to the scattering problem was 
developed in 1912 by Gans.21 
A special class of ellipsoids is the spheroids, which have two axes of equal length 
( a b c> = ). For simplicity, the sizes are smaller than the wavelength of the incident light. 
The particle can then be approximated as an ideal dipole. The polarizability of a spheroid 




m i p m
V
L
ε εα ε ε ε ε ε
−= + −  
where ( 1,2,3)iL i = is a geometric factor and V is the volume of the spheroid. For spheroids 
( a b c> = ), the geometrical factors can be expressed as: 













LL L −= =
 
where 2 2 21 /e b a= −  is the eccentricity of the particle. The optical cross sections for 
spheroids can then be calculated by equations 1.9 and 1.10. The plasma oscillations along the 
long axis of the nanorod are known as the longitudinal plasmon resonance and the 
corresponding polarizability is 1α . While the plasma oscillations perpendicular to the long 
principle axis of the spheroid are known as transverse plasmon oscillations and the 
corresponding polarizability is 2 3α α= . Note that for a special case 2 0e =  ( a b c= = , 
sphere), and all geometrical factors L reduce to 1/3. The polarizability calculated by equation 
1.16 can then be simplified as equation 1.11.  
In most experiments and observations, we are confronted with a collection of many 
particles and randomly oriented. Under those conditions the quantities of interest are the 
average cross sections scaσ  and absσ , which are independent of the polarization of the 
incident light. Therefore, they can be expressed as 
1 2 3
0
Im( ) / 3 1.18mabs
m










kσ α α απ ε ε= + +  
For small particles, scattering is almost negligible compared to absorption, which is why the 
absorption cross section is approximately equal to the extinction cross section.  
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Figure 1.4: Calculated extinction cross sections of gold spheroid versus aspect ratios. (a) 
Extinction cross sections of gold spheroid with an increasing aspect ratio. The semi-minor 
axis length is 5 nm for all the calculated particles. The spheroids are embedded in water with 
1.33mε = , calculated using equation 1.18. (b) Aspect ratio dependence of the longitudinal 
SPR wavelength for spheroids. The parameters in the calculation are as in (a). 
 
The longitudinal SPR of a spheroid occurs when the denominator of equation 1.16 is 
zero. The denominator is a function of the eccentricity (or aspect ratio) of the particle, 
inducing a broad tunability of the longitudinal SPR wavelength by varying the aspect ratio of 
the particle. In Figure 1.4, we show the absorption cross sections of gold spheroids with 
different aspect ratios. Changing the aspect ratio from 2 to 6 induces a shift of the longitudinal 
SPR wavelength from 600 to 990 nm. We also observe an overall increase in the absolute 
cross section, which is mainly caused by the increase in the volume of the particle. 
Another unique feature of spheroid is the dependence of their optical cross sections on 
the relative orientation of the particle with respect to the light polarization. When the spheroid 
is aligned parallel to the polarization of the incoming light, we observe the longitudinal 
absorption band only. When the spheroid is aligned perpendicular to the light polarization, we 
only observe the weak transverse resonance, which occurs at around 520 nm as it does for 
spherical particles. In our calculation, the particles are dissolved in water and randomly 
oriented with respect to the linear polarized incident light. We observe the two plasmon 
resonances and the cross sections from the longitudinal plasmons are much larger than those 
from the transverse plasmon. 
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Core-Shell Nanorods 
The theory developed by Gans can also be used to approximately calculate the absorption 
cross section of core-shell nanorods. Let us consider an Au/Ag core-shell spheroid and the 
geometry of the core-shell particle is defined in Figure 1.5. The inner or core spheroid has 
semiaxes 1a , 1b , 1c ; The outer spheroid has semiaxes 2a , 2b , 2c .  The polarizability in a field 
parallel to major axis c can then be expressed as:11 
(1) (2)
2 2 1 2 3 3 2 1 2
3 (1) (2) (2) (2)
2 1 2 3 3 2 3 3 2 1 2
(( )[ ( )( )] ( )) 1.20
([ ( )( )][ ( ) ] ( ))
m
m m
V L fL f
L fL L fL
ε ε ε ε ε ε ε εα ε ε ε ε ε ε ε ε ε
− + − − + −= + − − + − + −  
where 2 2 24 / 3V a b cπ= is the volume of the particle, 1 1 1 2 2 2/f a b c a b c= is the fraction of the 
total particle volume occupied by the inner ellipsoid, and (1)3L  and 
(2)
3L are the geometrical 
factors of the major axis for the inner and outer ellipsoids. A special case is the coated sphere 
( (1) (2) 1 / 3i iL L= = ), for which 1 2 3α α α α= = = : 
2 1 2 2 1 2
2 1 2 2 1 2
( )( 2 ) ( 2 )( ) 1.21
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Figure 1.5: Sketch of a confocal core-shell spheroid. A core of a gold spheroid with dielectric 
function 1ε is surrounded by a silver shell of thickness d and dielectric function 2ε . The 
particle is embedded in a medium mε . 
 
The tunability of the longitudinal SPR of gold nanorods was exploited extensively. In 
Figure 1.6a, we show the absorption cross sections of core-shell spheroids with a different 
shell thickness. The longitudinal resonance wavelength as a function of Ag shell thickness is 
changed from a starting resonance wavelength of 1000 nm to 665 nm. The absolute cross 
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section increases with the shell thickness, which is caused by the increase in the volume of the 
particle.   
In figure 1.6b we take a close look at how the longitudinal SPR depends on the Ag 
shell thickness. It shows that longitudinal SPR changes are steeper with the thin Ag shell. The 
changes become less obvious with thicker Ag shell. From the equation 1.20, we can find that 
the longitudinal SPR wavelength is mainly determined by the aspect ratio of the core-shell 
spheroids. With increasing the shell thickness, the aspect ratio decreases which causes the 
blue-shift of the SPR. Moreover, after increasing the Ag thickness, the final shape of the 
particle will be approaching to a sphere gradually. This is why SPR changes are less obvious 
after continuing increase of the shell thickness. 
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Figure 1.6: Calculated extinction cross sections of Au/Ag core-shell spheroids versus Ag shell 
thickness. (a) Extinction cross sections of a gold spheroid with an increasing of the Ag shell 
thickness. The semi-minor axis and semi-major axis length of Au core spheroid is 5 and 30 
nm respectively. The core-shell spheroids are embedded in water with 1.33mε = , calculated 
using equation 1.20. (b) Shell thickness dependence of the longitudinal SPR wavelength for 
spheroids. The parameters in the calculation are as in (a). 
 
Till now, we give a brief introduction on the absorption spectra of metal nanoparticles, 
nanorods and core-shell nanorods. Using the dielectric functions which were measured by 
Johnson and Christy and considering the particle size effect, the absorption cross sections of 
metal nanospheres, metal nanorods and core-shell nanoparticles are then calculated according 
to Mie’s theory and Gans’ approximation.   
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1.3 Excitation Dynamics 
The excitation dynamics of metals on a sub-picosecond time scale have been studied on metal 
films22-23 and nanoparticles3-5,20,24-27 for many decades. These experiments demonstrate a 
complex interaction among the excitation light source (most often a femtosecond laser pulse) 
and the conduction electrons and the lattice of the particle. In this section we will describe the 
excitation dynamics of metal nanoparticles based on the transient absorption spectroscopy, 
together with some of the models that have been proposed to explain the experiments.  
 
Relaxation Processes 
The response of metal nanoparticle to femtosecond excitation with light evolves in a number 
of steps. These steps are shown schematically in Figure 1.7. After excitation with a laser pulse, 
the excitation energy is primarily transferred to the electrons by absorption of photons via 
interband and intraband transitions. The energy is not transferred to lattice directly, due to the 
much smaller heat capacity of the lattice. The initial excitation creates a largely non-thermal 
electron distribution. Through electron-electron (e-e) scattering, the energy is redistributed 
over the entire electron distribution within a few hundred femtoseconds. This brings the 
electrons in thermal equilibrium and creates a hot electron gas, which will subsequently 
release its energy to lattice via the electron-phonon (e-ph) scattering. This e-ph process is in 
fact initiated before the electron gas is completely in equilibrium, takes place in a few 
picoseconds and brings the electrons in thermal equilibrium with the lattice. At the same time, 
the lattice oscillation is launched because of the rapid rise in electron and lattice temperature. 
The lattice oscillation is most commonly referred to as acoustic vibration. The final step is 
cooling of the lattice, through heat diffusion to the environment in few hundred picoseconds. 
Typically less than a nanosecond after excitation, the particle has returned to its initial state. 
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Figure 1.7: Schematic processes of excitation and relaxation dynamics of metal nanoparticles. 
The pump pulse firstly excites the electrons and creates the non-thermal electrons (< 0.1 ps). 
Via the electron-electron scattering, the electrons heat up and follow the quasiparticles 
thermal distribution (~ 0.1-0.5 ps). Then they transfer their kinetic energy to the lattice 
through the electron-phonon scattering (~ 1-5 ps). The particle heats up and transfers its 
thermal energy to the environment (~ 100 ps). At the same time, acoustic vibrations can be 
launched in the nanoparticle by the sudden thermal expansion of the electron cloud and the 
lattice. The vibration period is around tens of picoseconds.  
 
The increase in the electronic temperature induced by the pump laser changes the 
dielectric functions of the nanoparticles. The first step in the calculation is to obtain the 
changes of real and imaginary components of the dielectric function ε ′Δ and ε ′′Δ . The 
dielectric functions of noble metals contain free electron contributions (Drude model) and 
contributions from interband transitions as shown in equation 1.3 and the corresponding 
changes can be expressed:4,24-26  
( ) ( ) ( ) 1.22D ibε ω ε ω ε ω′ ′ ′Δ = Δ + Δ  
( ) ( ) ( ) 1.23D ibε ω ε ω ε ω′′ ′′ ′′Δ = Δ + Δ  
As shown in Figure 1.8, there are a few mechanisms affecting the dielectric functions of noble 
metal nanoparticles. Upon the increase of electron temperature, the first change is the 
electron-electron and electron-phonon scattering rate which is called intraband contribution. 
The second change is the electrons distribution which follows the Fermi-Dirac distribution 
and is called interband contribution. The last change is the lattice volume which is induced by 
electron pressure and lattice temperature increase.27 Next, we are going to illustrate the 
influences by electron temperature increases on the dielectric functions. 
 











Figure 1.8: Schematic of the mechanisms affecting the dielectric functions of noble metals 
when the electron temperature increases after laser excitation. 
 
Intraband Contribution 
In bulk noble metals, the conduction electrons follow a quasi-free electron behavior and their 
contribution to the dielectric function at visible wavelength is well described by Drude 
formula 1.14. The quasi-free electrons which are confined in metal nanoparticles give an 
additional impart on the optical properties due to their interaction with the interface. The 
damping constant with the change of electron and lattice temperature can now be written as:  
0 ( ) ( , ) 1.24surface rad e e e e ph e lT T Tγ γ γ γ γ γ− −= + + + Δ + Δ  
where eT and lT are the electron and lattice temperatures, respectively. The electron-electron 
scattering rates have not been calculated for an athermal distribution and in the dynamic 
regime. Using this approximation, the scattering rates after the electrons thermalized can be 









k TT πωγ ω π ω ω− = + h  
which gives the temperature dependent electron-electron scattering rate at a particular 
frequency. With increasing the electron temperature, the electron-electron scattering rate is 
increased and proportional to square of eT . The temperature dependent electron-phonon 
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where DΘ  is Debye temperature and K ′ is a constant. It can be seen that the e-ph collision 
rate is an increasing function of lT . With increasing the lattice temperature, the phonon 
population increases, leading to the probability of electron-phonon scattering rate increases.  
The lattice temperature rise also induces electronic band displacement and warping 
which both can alter the interband term and intraband one. To our knowledge, the impacts are 
quite complicated and the lattice temperature increase is less prominent. Therefore, the 




In 1975, Rosei and co-workers have modeled the bulk band structure around the L point of the 
Brillouin zone in gold and silver for interpreting the thermomodulatoin measurements.7,9 In 
the model, interband absorption is dominated by transition from the full d bands to empty 
states in the conduction bands (Figure 1.9). After the electrons in the conduction band are 
heated by the pump pulses and the electrons are redistributed following the Fermi-Dirac 
distribution. The occupation below the Fermi level (Ef) will be reduced and above the Ef will 
be increased. Consequently, absorption is changed. This model permits us to calculate ibε ′′Δ , 
and ibε ′Δ being then obtained using the Kramers-Kronig relations. The real and imaginary 
parts are not independent of each other. The Kramers-Kronig relations allow us to determine 
one from the other. If we know the imaginary part, we can calculate the real part and vice 
versa. 
0 2 20
2 1.27P dε ω ωε ω ε ωπ ω ω
∞ ′′( ′) ′′( ) − = ′′ −∫  
0
2 20
2 1.28P dε ω εωε ω ωπ ω ω
∞ ′( ′) −′′( ) = ′′ −∫  
where the symbol P denotes the Cauchy principal value of the integral. 
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Figure 1.9: Band structure near L point for (a) Au and (b) Ag. The structures are used as in 
Rosei model.  
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The equations 1.29 and 1.30 include the contributions to ibε ′′  from the transitions between p 
band to s band and d band to p band in silver near the L point. Equation 1.31 includes the 
contributions to ibε ′′ in gold from d band to p band transitions near the L point. In those 
equations, m  is the electron mass. P is the matrix elements transitions between different 
bands, and it is an approximate constant in a small region near L point. J is the joint density 
of states. The computed spectra of ibε ′Δ and ibε ′′Δ for electron temperature increase of 
1T KΔ = are shown in Figure 1.10 for bulk gold and silver. It should be mentioned that we 
did not consider the transitions near the X point in gold and the transition probability is much 
lower than the L point. 
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Figure 1.10: Theoretical interband contribution to real ε ′Δ and imaginary ε ′′Δ of Au and Ag 
calculated at electron temperature increase of 1 K. (a) ε ′′Δ of Au, contribution from d band to 
p band near L point. (b) ε ′Δ of Au, calculated from ε ′′Δ  by using Kramers-Kronig relations 
(c) ε ′′Δ of Ag, blue dot line, contribution from p band to s band transition, green dash dot line, 
contribution from d band to p band transition, solid line, total contribution from those two 
transitions. (d) ε ′Δ of Ag, calculated from ε ′′Δ  by using Kramers-Kronig relations (eq. 1.27). 
 
Transient Absorption Spectroscopy 
Since Mie’s theory has been found wide applicability and has generally been successful in 
explaining optical absorption spectra of metallic nanoparticles as illustrated above, it can also 
be used to calculate the absorption spectra of metal nanoparticle where the electrons are being 
heated up by the pulse laser and if we know the dielectric functions at this situation. Then a 
difference absorption cross section can be obtained when the electron temperature is changed 
form 0T to eT : 
0( ) ( , ( )) ( , ( )) 1.32eT Tσ ω σ ω ε σ ω εΔ = −  
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The transient absorption spectra for Au and Ag particles calculated using equation 1.32 
are shown in Figure 1.11 for different electron temperatures. There are several points to note 
from this figure. Firstly, for Au, the general shape of the transient absorption spectrum is 
matched with the experimental results and calculations. There is strong negative absorption 
(bleach) at the plasmon band maximum which is at around 530 nm and a transient absorption 
signal in the higher wavelength. The absolute magnitude of the bleaching peak is increased as 
the electron temperature increases. Secondly, the ~ 50 nm band width is comparable to the 
experimental spectrum.25 However, the band width becomes narrowed if we do not consider 
the electron-electron and electron-phonon scattering in nanoparticles. Thirdly, our 
calculations show that on the red side of the band (~ 560 nm), the bleaching signal changes 
sign to excited state absorption as the electron temperature decreases. This is in agreement 
with the experiments and calculation results.25,30-31 Furthermore, if we do not consider the 
interband contribution, this crossing point is not changing. Combining from the experimental 
data, it is confirmed that the interband contribution is needed to take into account for the 
nonlinear response.  
 







































Figure 1.11: Transient absorption spectra for Au (a) and Ag (b) nanospheres calculated at 
different electron temperatures as shown in the figures. The lattice temperature is setting at 
300 K. The particle size is 15 nm for both Au and Ag and they are dispersed in water with 
n=1.33. 
 
For Ag, as shown in Figure 1.11b, the results are qualitatively similar to Au and also 
with the theoretical calculation results.30,32 There is a strong bleach at the peak of the plasmon 
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band and a transient absorption on the red side. Also the signal at around 395 nm changed 
sign from positive excited state absorption to negative bleaching as the temperature increases. 
We also did the transient absorption calculations of Ag without the interband contribution. 
The transient absorption signal at around plasmon peak of Ag is not changed as much as of 
Au. This can be understood from Figure 1.10. In Au, the plasmon band is overlapped with the 
band gap. However, the plasmon band is away from the band gap in Ag. The changes of the 
absorption in Ag at around the plasmon peak are not much influenced by the interband 
transitions, whereas in Au, the transient absorption of plasmon band is dominant by the 
interband transitions. This point can also be well understood and explained in Au and Ag 
nanorod systems as illustrated below. 
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Figure 1.12: Transient absorption spectra for Au (a) and Ag (b) nanorods calculated at 
different electron temperatures as shown in the figures. The lattice temperature is setting at 
300 K. The particle size of Au nanorod is 10 × 30 nm, and Ag nanorod is 10 × 40 nm and 
they are dispersed in water with n=1.33. 
 
We also did the transient absorption calculation of Au and Ag nanorods as shown in 
Figure 1.12. We tried to fix the longitudinal plasmon peaks at around 700 nm in both Au and 
Ag which are away from their interband transitions. Therefore, the Au nanorod is 10 × 30 nm 
and the transient absorption spectra are shown in Figure 1.12a. The Ag nanorod is 10 × 40 nm 
and the transient absorption spectra are shown in Figure 1.12b. When the electron temperature 
increase is lower than 500 K in Au nanorod as shown in Figure 1.12a, there are a longitudinal 
bleaching peak and two positive excited state absorption peaks in the wrings. With increasing 
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the electron temperature, the wring in the blue side disappears and the signal changes sign 
from positive to negative. Furthermore, the bleaching peak moves to the blue side. This 
change is influenced by the interband transitions at around 500 nm. While in Ag nanorods, 
because the longitudinal plasmon band is far away from the interband transitions at around 
310 nm compared to Au, the bleaching signal of the longitudinal plasmon band does not 
change. The slightly increased bleaching signal and broadened peak with increasing the 
electron temperature are caused by the increased electron-electron and electron-phonon 
scattering rates. 
In contrast to Ag, the SPR overlaps in gold nanoparticle the interband transitions, and 
both the real and imaginary parts of the interband term contribute and dominate their non-
linear responses in the transient absorption. Their simultaneous contributes, weighted by the 
SPR-related enhancement of the nonlinearity, are the origin of the observed change spectral 
shapes. In all, the ultrafast optical nonlinearities in metal nanoparticles are related to the 
electron redistribution induced by the excitation pulses. Those nonlinearities are strongly 
enhanced by the SPR, leading to a well-known SPR optical nonlinearity enhancement by 
metal nanoparticles.  
 
Cooling Dynamics 
After the electrons are heated up by the excitation pulses, they will be cooled down by 
transferring the energy to the lattice through the electron-phonon scattering. The relaxation of 
the electrons is described by the two-temperature model.33-34 We start with a hot electron gas 
with temperature eT . The thermalization with the lattice with an initial temperature of 
0(0)lT T= can then be described by two coupled differential equations:   
( ) ( ) 1.33ee e e l
TC T g T T
t
δ
δ = − −  
0( ) ( ) / 1.34ll e l l s
TC g T T T T
t
δ τδ = − − −  
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where g is the electron-phonon coupling constant ( 16 3 13 10g Wm K− −≈ ×  for gold35). eC and 
lC are the heat capacities of the electrons and lattice. ( )e e eC T Tγ=  is the temperature 
dependent heat capacity of the electron gas ( 3 266Jm Kγ − −=  for gold). The temperature 
dependence on the lattice is very weak, so we can assume this parameter to be temperature 
independent. The second term in equation 1.34 describes the energy transfer from the lattice 
to the surrounding medium, with a characteristic cooling time sτ . 
 The calculated changes in the electronic and lattice temperatures for gold at an initial 
3000eT K= are shown in Figure 1.13. The characteristic time for heat decay to the 
environment was set to be 100 ps. The calculation shows that the energy deposited into the 
electrons is transferred to the lattice within about 10 ps. Due to the large difference in heat 
capacity between the electrons and phonons, the lattice only heats up to a maximum 
temperature of ~ 400 K. 
 












Figure 1.13: Temporal evolution of electron and lattice temperature in gold for an initial 
electron temperature of 3000 K by two-temperature model. 
 
As described by the two-temperature model, the electron temperature is decaying. The 
time dependent absorption changes also are calculated in Figure 1.14a. As the electrons cool 
down, the absorption changes become smaller and finally reach to zero within 10 ps. The 
decay is slower as the electron temperature increases. Another feature that we can observe is 
that the decaying time is not much changed as the temperature increase up to 2000 K. The 
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corresponding amplitude of the absorption change also reaches to a saturation state, which is 
shown in Figure 1.14b. This saturation behavior can be explained by the nonlinear electron 
heat capacity. In the lower electron temperature region, the electron temperature heat capacity 
is temperature independent, while when the electron temperature increases, the electron heat 
capacity becomes dependent on the electron temperature and deviated from the linear 
relationship.36 We will present a detailed study of the electron dynamics of Au nanorods in 
Chapter 2 (ensemble measurements) and Chapter 3 (single particle measurements).  
 





































Relaxation time (ps)  
Figure 1.14: Calculated time dependence of σΔ in Au nanorods for probing at longitudinal 
plasmon resonance, (a) the picosecond time scale decay curves with different initial electron 
temperature. (b) The normalized amplitude of the σΔ at zero delay time in different initial 
electron temperature.  
 
Acoustic Vibrations 
The cooling of the electrons and heating of the lattice described in the previous paragraph 
causes the particles to undergo rapid thermal expansion. For particles larger than a few 
nanometers, the timescale for heating is faster than the lattice expansion, which causes the 
lattice expansion to overshoot.35,37  Additionally, due to the strong and fast increase of the 
electron temperature, there is a sudden increase of the electron pressure, which induces 
another force on the lattice and contributes to the lattice expansion.27 Because of the lattice 
anharmonictiy and hot electron pressure, a periodic expansion of the lattice is launched. The 
oscillation was optically observed for the first time in the later 90’s in both metallic38-39 and 
semiconductor nanoparticles40. Because the timescale of the vibration is related to the sound 
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velocity in the material of the particle, these vibrations are often referred to as acoustic 
vibrations. 
For spherical particles only the radially symmetric breathing mode is excited.4,41-42 The 
frequency can be accurately described using macroscopic elastic theory for spheres, which 
was developed by Lamb in 1882.43 The model does not predict damping of the acoustic 
modes. Yet damping is experimentally observed, and it would therefore be desirable to be 
able to calculate damping times of nanoparticles embedded in a homogeneous medium. The 
parameter that determines the acoustic interaction of a particle with a matrix is the acoustic 
impedance of both materials LZ ρυ= , where ρ is the material density and Lυ is the 
longitudinal sound velocity of the materials. The acoustic impedance determines the acoustic 
wave transportation at the interface between the particle and the surrounding medium. If the 
impedance of a sphere equals to the impedance of a matrix in which it is embedded, sound 
waves are not reflected but propagate out of the sphere immediately, and the mode will be 
highly damped. On the contrary, if there is a large impedance mismatch between the particle 
and the matrix, the sound waves are highly confined and reflected back and forth inside the 
particle for a long time. In this case, the vibration mode will have a very low damping.  
By using the complex-frequency model,44-46 the vibration frequencies and damping 
times of a sphere can be accurately calculated in terms of a complex-valued frequency 
iω ω γ= +% , where γ describes the damping of the system. ω% can then be written in terms of 
a complex-valued dimensionless eigenvalue ξ . 
1.35s
L
Rξ ω υ= %  
where sLυ is the longitudinal sound velocity of the sphere, and R is its radius. ξ can be 
calculated from the following equation:45  
2
2 2 2 2
(1 / )cot( ) 1 1.36
4 (1 1/ )(1 / )
i
i
ξ ξ αξ ξ ηξ α γ ηβ ξ α
++ =− − + , 
where the different parameters are defined by:  
26 | P a g e  
 
( ) ( ) ( ) ( ) ( ) ( )/ , / , / , / ,m s m s m m m sL L T T T Lα υ υ β υ υ γ υ υ η ρ ρ= = = =  
Where ( ),( ), ,
m s
L Tυ and ( ),( )m sρ are the longitudinal or transverse sound velocity and the density of 
the matrix (m) and sphere (s) materials. 
Using this complex frequency model, we can calculate the vibration frequencies and 
damping rates for a particle embedded in a medium, as long as the longitudinal and 
transversal sound velocities and the density of the medium and the particle material are 
known. For example, the 80 nm Au nanospheres in several matrix materials, the calculated 
oscillation period, damping time and quality factor are listed in the table. (There will be a 
more detailed explanation in Chapter 4 to consider the damping of single Au nanorod in 
different environments.) 
 
Table 1.1: Vibration periods and damping times for Au nanospheres with a radius of 40 nm, 
embedded in several matrices. The density of longitudinal and transversal sound velocities of 
gold are ρ = 19,700 kg/m3, Lυ = 3240 m/s and Tυ = 1200 m/s.45,47 The quality factor is 











τ0 (ps) Q 
Water 1500 / 1000 2.9 0.0264 26.7 467.7 55 
Air 343 / 1.18 2.9 ≈ 0 26.7 - - 
BK7 5100 2840 2240 2.99 0.159 25.9 77.6 9.4 
 
Besides the theoretical analysis, the acoustic vibrations can be detected optically, which 
here by pump probe spectroscopy. Due to the lattice expansion, the electron density decreases, 
which cause an absorption cross section change. For example, Hu et al.48 have demonstrated 
that the Au nanorods experience the extensional and breathing vibrations when they are 
excited by pump pulses. The breathing mode mainly modulates the width of the particle 
whilst maintaining the length. The extensional mode maintains the volume, while the aspect 
ratio of the particle is modulated by the vibrations. Those vibrations can be detected by 
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monitoring the absorption cross section variations, however, they are wavelength dependent. 
In order to probe at the right wavelength and get a clear signature of oscillation, we did the 
calculation to find the proper detection wavelength which is important when considering the 
damping mechanisms. 
 






























Figure 1.15: (a) Absorption cross section of Au nanorods (10 × 30 nm) changes with the 
effect of volume expansion. The black curve is the absorption spectrum of Au nanorods 
without volume expansion. The red curve is the absorption spectrum of Au nanorods with 1% 
length elongation and diameter decrease while maintaining the volume same, which is 
corresponding to the longitudinal acoustic vibration of Au nanorods. The blue curve is the 
absorption spectrum of Au nanorods with 1% diameter increase while keeping the length 
unchanged, which is actually related to the breathing vibration of Au nanorods. The inset is an 
enlarged part of the spectra to see the SPR change clearly. The Au nanorods are dispersed in 
water with n=1.33. (b) Absorption cross section changes /σ σΔ  around the SPR of Au 
nanorods. 
 
The change of the absorption cross section of Au nanorods is calculated in Figure 1.15 
for the longitudinal and breathing modes. As shown in Figure 1.15a, there is a red shift of the 
SPR of Au nanorods when the lattice expands 1% along the longitudinal direction and the 
volume is kept constant. For the breathing mode, the diameter expands 1% and the length is 
kept constant, which causes a blue shift of the longitudinal SPR. As shown in Figure 1.15b, 
there is a maximum change of the absorption cross section for the extensional and breathing 
modes, respectively, which indicates that it is more easily to detect the vibration behaviors 
when probing at the maximum position. When probing at the plasmon wavelength peak as 
indicated by the gray line, it is hard to see any oscillations. Another feature is that when 
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probing at both sides of the SPR, the sign changes from positive to negative. Noting that the 
relative absorption changes are so impressive for the extensional and breathing modes, which 
is because of the large particle size expansion that used for the calculations. This means in the 
experiments the real expansion of the particle size is less than a few Angstrom. 
 
Energy Dissipation to the Environment 
The final step in the relaxation process is the heat transfer from the particle to the 
environment. Usually, the heat dissipation to the environment occurs on the scale of hundreds 
of picoseconds.49-50 This process is longer than the dephasing of the acoustic vibrations and 
has two components: energy transfer across the interface, and heat dissipation to the 
environment. The time scales for these two processes are in general similar which means it is 
difficult to separate them. As reported by Hartland et.al,49-50 the time scale for interface 
conductance scales as R for spherical particle, whereas, the heat dissipation time scales as 
2R . The rate of cooling is clearly much faster for the smaller particles. Furthermore, the 
cooling time of metal nanoparticles also strongly depends on the surface chemistry51-52.  When 
the particle is surrounded by organic molecular, liquid or solid media, there is always an 
impedance mismatch between the particle and media, for example it has been discussed in 
acoustic vibration part. The interface mismatch determines the rate at which the particles cool. 
After this process, the particles cool down and one cycle is ended. Till now, we have briefly 
discussed the whole excitation process.  
 
1.4 Detection Techniques 
In this thesis, we are mainly focusing on the far field method to detect the optical properties 
of metal nanoparticles, including the linear and nonlinear spectroscopy. Firstly, we use the 
ensemble measurements to study the transient absorption properties of metal nanoparticles by 
pump probe spectroscopy. This method is convenient and the light source is broad, covering 
the whole visible range and matches the plasmon of metal nanoparticles. However, some 
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phenomena are simply unobservable in ensembles, because the samples which are 
synthesized by wet chemical methods are inhomogeneous even by the state-of-art synthetic 
protocol. For example, the intrinsic damping of an acoustic vibration is hidden by the spread 
of oscillation frequencies in an ensemble. Complementary to the measurements on ensembles, 
single particle experiments can give us some new information.53-54 Therefore, single particle 
detection method is also used to study their optical properties. 
 
Apparatus 
To measure the scattering and absorption by metal nanoparticles, broadband white light 
sources are required. There are several types of light sources which are available, including 
xenon arc lamp, quartz-tungsten-halogen lamps and supercontinuum light sources. The 
suitability of each source depends on the size and optical properties of the metal nanoparticle 
under study. More detailed explanations are elaborated by Peter.54 
 For the pump probe studies, short pulsed laser sources are required. Processes such as 
electron-electron and electron-phonon relaxation, acoustic vibrations and cooling of the 
particles as discussed in last part, occur on timescales shorter then few picoseconds and 
require the femtosecond laser pulses. For the ensemble measurements, we are using a spectra-
physics amplifier system. The broadband probe wavelengths from 400 – 1100 nm are 
generated by focusing the pulses on a piece of sapphire plate. The power stability and beam 
quality are generally excellent. For the single particle pump probe studies, we are using a 
coherent laser system working on femtosecond configuration. To extend the wavelength 
range, an optical parametric oscillator (OPO) is used. When the OPO beam is intracavity 
frequency doubled, wavelengths from 520 - 700 nm are available in our setup.  
Another important aspect is choosing the suitable photodetector which involves several 
considerations including the wavelength to detect, light intensity and the dark noise level. The 
required wavelength range dictates the detector type. The most common silicon photodiodes 
(PDs) are suitable for the visible to near-infrared wavelength region, and indium-gallium-
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arsenide are needed for the near-infrared. Considering the light intensity to be detected, there 
are a few types of detectors: normal and balanced photodiodes (1015 ~ 109 photons/s), 
avalanche photodiodes (APDs, down to 107 photons/s), and single photon counting APDs 
(down to 1 photon/s). In the case of pump probe experiments, the probe laser intensity is 
directly detected and usually the intensity ranges from a few microwatts to milliwatts. Then a 
PD with a low-noise amplifier which has transimpedance gain from 102-108 is a most suitable 
form of detection and it allows one to detect optical powers ranging from nanowatts to 
milliwatts (109 ~ 1015 photons/s). The detection bandwidth of these amplifiers depends on the 
selected transimpedance gain and is typically in the range of tens of kilohertz up to several 
megahertz. When the power intensities are relatively higher (> 1012 photons/s), the balanced 
PDs are suitable to decrease the noise level. When the power intensities are relatively lower, 
for example below a nanowatt (< 109 photons/s), APDs are most suitable detectors. By 
applying a higher reverse bias voltage which can avalanche multiplication of photocurrent, 
the detection limit goes down to 107photons/s. When the reverse bias is higher than the 
breakdown voltage of the photodiode, APDs can be used for photon counting with dark states 
as low as 25 counts/s and a quantum efficiency of more than 50%. Because there is a 30 ns 
time interval for detecting and differentiating two photons, this limits the maximum count rate 
of single photon counting APDs to ~ 107photons/s which makes them ideal detectors for low 
light applications (for example: photoluminescence or harmonic generation in single metal 
particles). 
To measure the spectroscopy of single metal nanoparticles, a monochromator in 
combination with a single element detector can be used. Moreover, a multi-element detector 
such as a charge coupled device (CCD) is more practical as it allows for the measurement of a 
range of wavelengths in one integration time. Dark noise in CCDs can be reduced to a 
negligible level of several tens of counts per hour by either thermoelectric cooling (down to -
80 0C) or liquid nitrogen cooling (down to -120 0C). The main noise of the CCD (< 10 
counts/s) and shot noise are from the illumination. For scattering spectroscopy of single metal 
nanoparticles, these ordinary CCDs are sufficiently sensitive. 
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Optical Setup 
Figure 1.16 shows the transient absorption measurements of an ensemble sample on a 
standard pump probe setup by using a femtosecond Ti: sapphire laser system (Spectra 
Physics). The laser pulses are generated from a mode-locked Ti: sapphire oscillator seeded 
regenerative amplifier with a pulse energy of 2 mJ at 800 nm and a repetition rate of 1 kHz. 
The 800 nm laser beam was split into two portions. The larger portion of the beam was passed 
through a BBO crystal to generate the 400 nm pump beam by frequency doubling. A small 
portion of the 800 nm pulses was used to generate white light continuum in a 1 mm sapphire 
plate. The white light continuum was split into two beams, a probe and a reference beam. The 
signal and reference beams were detected by photodiodes that are connected to lock-in 
amplifiers and the computer. The intensity of the pump beam and probe beam were both 
attenuated with neutral density filters. The pump beam is focused onto the sample with a 
beam size around 300 μm and overlaps with the smaller diameter probe beam (100 μm). The 
delay between the pump and probe pulses was varied by a computer controlled translation 
stage. The pump beam was modulated by an optical chopper at a frequency of 500 Hz. In a 
pump probe scan, the value of the normalized pump induced absorption change ( 0ln( / )T T ) 
was determined as a function of the delay between the pump and probe pulses. The transient 
absorption spectra at different delay times τ was measured by passing the probe beam 
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Figure 1.16: Pump probe spectroscopy used for ensemble measurements. The solution sample 
is put inside the cuvette. 
 
As a complementary to the ensemble measurements, single metal nanoparticle 
detection approach is also implemented. In Figure 1.17, we show the experimental setup with 
a combination of white light scattering detection and pump probe measurement. White light 
scattering detection gives us the linear absorption spectra, while pump probe measurement 
gives us the corresponding nonlinear optical spectra on the exactly same particle. This is a 
very important aspect when considering the optical properties of metal nanoparticles which is 
highly sensitive to the size, shape and environment. By employing this method, we can not 
only identify the single particle, but also conserve their structures without putting them under 
electron microscope which can inevitably change their structures. 
A most important component of a setup capable of single particle detection is a high 
quality objective, provided that it is combined with a stable light source and a sensitive 
detector. Typically a high NA objective lens is employed with an NA of 1.4 to ensure a tight 
focus and a large collection angle. However, there is a detection limit with directly collecting 
the scattering light of a metal nanoparticle, such as the dark field measurements. The scattered 
intensity of the metal nanoparticle decreases steeply as the six power of the particle size. 
Despite the large index contrast between the particle and its surroundings, scattering of a 
single particle smaller than 30 nm can hardly be discerned from the scattering of others, such 
as dusts.55 In our setup, we are using indirect measuring method by collecting the interference 
of the scattered wave with a reference wave, instead of direct collection of the scattered wave 
in dark field method. The advantage of the interference signal is that is varies only with the 
third power of the particle size. As a result, techniques based on the indirect scattering are 
much more sensitive for small particles. Therefore, in such a method, a coherent reference 
field is needed to inference with the scattering field. Practically, the interference can be 
implemented in many different ways. The reference wave can be the incident wave itself, a 
reflection of the incident wave on an interface, such as the glass surface where the particles 
are deposited on, etc.55-57 
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One important aspect of the white light scattering inference method is the single-to-
noise ratio. The detected intensity dI results from the sum of a reference field r iE rE= and a 
scattered field s iE sE= 55:  
2 22 2( 2 cos ) 1.37d r s iI E E E r s r s θ= + = + −  
where iE is the incident field, r is a real reference amplitude, s is a complex scattering 
amplitude, and θ is the phase difference between these two fields at a large distance, taking 
all phase factors into account (including propagation, Gouy shifts and phase shift due to the 
polarizability of the particle). The combination of these shifts gives 0θ = , causing an 
attenuation of the incident plane wave.  
When measuring the scattering spectrum of small metal nanoparticles, the scattered 
intensity 2s is quite small and can be negligible especially for small particles. Then the 
detected intensity 2 2( 2 cos )d iI E r r s θ= − , and the signal arises mostly from the 
interference term 2 cosr s θ− , which has to be detected against the background 2r of the 
intensity transmitted or reflected by the substrate. Therefore, the single scales as the 
amplitude of the scattered field. The photon noise on the background scales as the square-root 
of the background intensity which is 2r of the probe wave. As a result, the signal-to-noise 
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Figure 1.17: Typical optical setup used for single particle detection, combining the optical 
scattering measurements and pump-probe spectroscopy on single particle. The metal 
nanoparticles are immobilized on a substrate. The white-light beam, and the pump- and 
probe-pulses are focused by a high-numerical-aperture objective on the sample surface. LIA: 
lock-in amplifier, AOM: acousto-optical modulator, λ/2: half-wave plate, FM: flip mirror, PD: 
Si-PIN diode, APD: single-photon-counting avalanche photo-diode. 
 
Pump probe spectroscopy shown in Figure 1.17 is also a kind of interference method. A 
modulated femtosecond pulse laser beam is used as a pump to excite the electrons in the 
nanoparticles. The change of spectrum of the particle is subsequently probed in transmission 
by a secondary probe laser near the plasmon resonance. A collection objective in transmission 
configuration is employed with an NA of 0.75. A lock-in amplifier extracts the small change 
in transmitted intensity at the modulation frequency. By employing this method, we can study 
the nonlinear optical properties of metal nanoparticles which are deposited on substrates (the 
single particle studies are shown in Chapter 3). Furthermore, it is possible to perform pump 
probe spectroscopy on a single particle in an optical trap by adding another trapping laser 
with careful alignment.47,58 Generally, this a basic setup and can be changed accordingly with 
special purpose, such as photothermal spectroscopy.59 
 
1.5 Thesis Outline 
In this thesis, we will address the linear and nonlinear optical properties of Au and Au/Ag 
core-shell nanorods by ensemble and single particle pump-probe measurements. We explore 
this general theme by addressing the optical properties theoretically in this chapter. More 
specifically, we calculate the linear spectroscopy of Au and Au/Ag core-shell nanorods by 
Mie’s theory and Gans’ approximation. The nonlinear spectroscopy is calculated based on 
Rosei model. The electron dynamics are thus understood by cooling the electrons through 
two-temperature model. The experimental setup and the details of the detection method are 
also discussed.  
The chapters in this thesis can be read largely independently. To facilitate the reader’s 
choice, we provide here a short description of each chapter, highlighting the main results. 
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• Chapter 2 – We studied the electron dynamics of gold nanorods in solution using 
femtosecond transient absorption spectroscopy. We explained the results with a 
consistent picture: the bleaching amplitude and electron-phonon relaxation time are 
directly related to energy distribution into different modes, which are excitation 
wavelength and fluence dependent. Our studies help to clarify the seemingly 
inconsistent results in the previous studies by different research groups.  
 
• Chapter 3 – We studied the linear and nonlinear optical spectroscopy of a single gold 
nanorod immobilized on substrate. The white-light spectroscopy and transient 
absorption spectroscopy are both measured on the same single particle. We have 
measured the electron dynamics and transient optical properties of a single gold 
nanorod. The experimental transient optical response is well reproduced by 
theoretical calculations. From the electron-phonon decay time we found an electron 
phonon coupling constant in single gold nanorods which is in good agreement with 
reported values for ensembles of gold nanorods in solution. 
 
• Chapter 4 – We present measurements of the acoustic vibrations of single gold 
nanorods deposited on a glass substrate immersed in air and water by ultrafast pump-
probe spectroscopy. The nanorods display two vibration mode, the breathing mode 
and extensional mode. The damping behaviors of the two modes are influenced by 
the water environment and both gives reduced quality factors. The reduced quality 
factor of the breathing mode is in good agreement with a model that takes into 
account viscous damping. The extension mode gives an extremely low quality factor 
and is attributed to squeeze film damping in a thin water layer between the 
nanoparticle and the glass substrate. Our results indicate that a measurement of the 
quality factor of the vibration of an immobilized particle requires careful analysis 
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because the immersion medium can have different effects on different modes of 
vibration.  
 
• Chapter 5 – We present measurements of the acoustic vibrations of single gold 
nanorods coated with various silver shell thickness by ultrafast single-particle pump-
probe spectroscopy. Two vibration modes, the breathing mode and extensional mode 
are observed and the vibrational frequencies are both precisely measured as a 
function of silver deposition amount. The breathing mode frequency was found to 
decrease with silver deposition, while the extensional mode frequency was almost 
constant for silver shells up to 5 nm. The frequency changes agree with a simplified 
model based on continuum mechanics. We found the quality factors for the breathing 
mode and the extensional mode are hardly changed as silver deposited. The 
introduced interface between gold and silver contributes negligibly to the damping of 
the particle vibrations. Finally, we demonstrated that an atomic layer of silver 
deposition was detectable using the particle acoustic vibrations. All optical 
spectroscopy of single particles was proved to be an in-situ sensitive method to detect 
the particle size changes. 
 
• Chapter 6 – We will conclude this thesis and provide suggestions for future research 
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Chapter 2 Electron Dynamics of Gold Nanorods 
 
The electron dynamics of gold nanorods were systematically studied by using femtosecond 
transient absorption experiments. Two different excitation wavelengths (400 and 800 nm) 
have been used as the excitation sources to selectively excite transverse and longitudinal 
modes. The transient absorption spectra were found to be strongly dependent on the excitation 
wavelength and fluence. 800 nm laser pulses mainly excite the longitudinal mode directly, 
which cause an increase in the electronic temperatures and subsequent broadening and 
bleaching of both the longitudinal and transverse modes. 400 nm pulses simultaneously excite 
both the transverse and longitudinal modes. At low excitation fluences, the energy is 
distributed into two modes according to their steady state extinction coefficients, under which 
the transient spectra are similar to those under excitation at 800 nm. However, as the 
excitation fluence exceeds a threshold, the bleaching of the longitudinal plasmon band 
saturates and the input energies mainly flow to the transverse mode. As a result, the bleaching 
of the transverse mode increases rapidly. The electron-phonon dynamics show a strong 
correlation with the bleaching amplitude. We have tried to explain the results with a 
consistent picture: the bleaching amplitude and electron-phonon relaxation time are directly 
related to energy distribution into different modes, which are excitation wavelength and 
fluence dependent. Our studies help to clarify the seemingly inconsistent results in the 
previous studies by different research groups. 
 
2.1 Introduction 
Metal nanostructures such as silver and gold, display many unique optical properties due to 
formation of surface plasmons.1-6 Plasmons are the collective oscillation of conduction band 
electrons. It can produce the highly confined and amplified local optical field and display 
many interesting light-matter interactions. The local surface plasmon resonance (SPR) 
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properties of metal nanoparticles are strongly dependent on the size, shape and surrounding 
dielectric medium of the nanostructures.7 A lot of efforts have been devoted to the synthesis 
of metal nanoparticles of different geometries.8-12 The extinction spectrum of the metal 
nanoparticles can be tuned from the visible to near infrared range.13 Gold nanorods are of 
particular interest and have been extensively investigated.14-18 Compared to the gold 
nanospheres, gold nanorods have two SPR bands: a longitudinal mode parallel to the long 
axis of the nanorod and a transverse mode perpendicular to it.19  
Understanding electron dynamics in noble metal nanoparticles under optical excitation 
is important for exploring their potential applications.20-21 Femtosecond transient absorption 
and pump probe experiments are usually exploited to investigate their electron dynamics on 
femtosecond time scale. In a typical pump probe experiment, the electron distribution is 
perturbed by a short pump pulse, and the resulting relaxation to equilibrium can be monitored 
by a time-delayed probe beam. The electron dynamics in various gold nanoparticles have 
been extensively studied.22-27 The electron relaxation processes were usually theoretically 
described by a two-temperature model.28 According to this model, laser excitation by a near-
UV or visible pump pulse will cause an increase in electronic temperature, which results in 
broadening and bleaching of the plasmon resonance bands. The system subsequently relaxes 
back to the room temperature through a series of heat exchange processes. These sequential 
relaxation processes include electron-electron scattering, electron-phonon scattering, coherent 
lattice vibrations and heat dissipation to the surroundings.22-23,29 Although the electron 
relaxation process has been widely studied, most of the work is focused on the spherical 
nanoparticles and under weak perturbation regime.24,30-32 There are only very few reports on 
the transient absorption studies on gold nanorods, in which there are many inconsistencies in 
the previous results reported by different research groups.25,27,33 In particular, understanding 
the transient absorption spectroscopy and electron dynamics of different plasmon modes 
under strong perturbation regime in gold nanorods have been less studied. 
In this work, we systematically studied electron relaxation dynamics in pure gold 
nanorods using femtosecond transient absorption spectroscopy under different excitation 
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fluences at 400 and 800 nm. As the energy of the 800 nm pump photon is less than the 
interband transition and the transverse mode of gold nanorods, only the longitudinal mode is 
directly excited. 400 nm is resonant with the interband transition. Both the transverse and 
longitudinal modes can be excited directly by 400 nm pulses. The transient spectra and 
electron dynamics show very interesting excitation fluence dependence. The bleaching of 
both longitudinal and transverse bands was observed under excitation at both 400 and 800 nm 
by different mechanisms. The bleaching amplitudes of the two modes show a strong 
correlation with their amplitudes at raised electronic temperatures upon photo-excitation. We 
have tried to explain the observations in a consistent picture as a result of different energy 
redistributions into different modes under different excitation wavelengths and fluences. Our 
studies will help to clarify the inconsistence in the literature and provide a consistent 
understanding of the electron dynamics of gold nanorods. 
 
2.2 Experimental Section 
Gold nanorods with longitudinal plasmon resonance band maximum at 715 nm were 
synthesized by using a previously reported seed-mediated growth method.10 The seed solution 
was first prepared by adding 25 μL of 0.1 M HAuCl4 to 10 mL of 0.1 M CTAB solution in a 
plastic tube. A freshly prepared 0.6 mL of ice-cold 0.01 M NaBH4 solution was quickly added 
all at once under vigorous stirring. The stirring was continued for another 2 min. The resulting 
brownish yellow solution was kept at room temperature for at least 2 hours to be used as the 
seed solution. For seed-mediated growth, 2.0 mL of 0.01 M HAuCl4 and 0.15 mL of 0.01 M 
AgNO3 were added into 40 mL of 0.1 M CTAB solution and mixed by gentle shaking. 
Freshly prepared 0.32 mL of 0.1 M L-ascorbic acid solution, 0.8 mL of 1.0 M HCl, and 100 
μL the seed solution were then added into the mixture sequentially. The reaction mixture was 
then left undisturbed at least overnight for longitudinal overgrowth. The prepared gold 
nanorods were purified by centrifugation of nanorods solution with a speed of 12000 rpm for 
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10 min to remove excess CTAB surfactant for two times. The resulting gold nanorods were 
used for various characterization and pump probe experiments.  
The UV-Visible extinction spectra of the sample were measured by using a Shimadzu 
UV 2450 spectrometer. Transmission electron micrograph (TEM) images were taken by using 
a JEOL 2010 electron microscope. The time-resolved transient absorption and pump probe 
experiments were performed by using a Spectra Physics Ti:sapphire oscillator seeded 
regenerative amplifier laser system. The experimental setup is shown in Figure 1.15, Chapter 
1. The amplifier laser system gives output pulse energy of 2 mJ at 800 nm with a repetition 
rate of 1 kHz. The 800 nm laser beam was split into two portions. The larger portion of the 
800 nm beam acted as the pump beam (for 800 nm excitation) or passed through a BBO 
crystal to generate the 400 nm pump beam by second harmonic generation (for 400 nm 
excitation). A small portion of the 800 nm beam was used to generate white light continuum. 
The white light beam was split into two portions: one as the probe and another as the 
reference to correct the pulse-to-pulse intensity fluctuations. The pump beam was focused 
onto the sample with a beam size of 300 μm in diameter and overlapped with the smaller 
probe beam (100 μm in diameter). The time delay between the pump and probe pulses was 
varied by a using computer-controlled translation stage (Newport, ESP 300). All the time-
resolved experiments were performed at the room temperature. The aqueous nanoparticles 
suspensions were contained in a 1 mm pathlength cuvette. During the measurements, the 
pump and probe energies were kept low to minimize the photo-damage to the samples. The 
extinction spectra of the sample before and after the experiments were checked and only 
subtle difference was observed, which suggests that the sample is stable and there is little 
sample damage during the whole experiments. 
Figure 2.1(a) shows the TEM image of gold nanorods with an average aspect ratio of 
3.1. The average width and length were determined to be 14 and 44 nm, respectively. The 
corresponding UV-Vis extinction spectrum is shown in Figure 2.1(b). The two extinction 
bands at 515 and 715 nm correspond to the transverse and longitudinal plasmon modes of 
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gold nanorods, respectively. The bandwidth of the longitudinal band is quite narrow (with full 
width at half maximum of ~100 nm) and its amplitude is much larger than that of the 
transverse mode at 515 nm, indicating that the gold nanorods are of high quality with little 
impurity of spherical particles. The corresponding aspect ratio distribution of gold nanorods is 
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Figure 2.1: (a) TEM image and (b) extinction spectrum of the gold nanorod solution. (c) 
Histogram of the aspect ratio distribution and the corresponding Gaussian fit of the studied 
Au nanorods. 
 
2.3 Intraband Excitation 
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Figure 2.2a shows the transient absorption spectra in the spectral range from 450 to 800 nm at 
a delay time of 1.0 ps under different excitation fluences at 800 nm. It can be seen that the 
transient spectra are dominated by the transient bleaching of the longitudinal band with 
maximum at 705 nm, with transient absorption in the wings of the band. The bleaching of the 
transverse mode is overwhelmed by the transient absorption of wings of the longitudinal 
mode and only showed up as a small downward peak. As the energy of the 800 nm pump 
photon is less than the interband transition and the transverse mode, only the longitudinal 
mode is selectively excited directly. The excitation at 800 nm will result in heating of the 
electrons within the conduction band. The increase in the electronic temperature will lead to 
broadening of both the transverse and longitudinal bands and thus bleaching of both plasmon 
bands.  
The overall shape of the transient spectra was found not very sensitive to the excitation 
fluence (Figure 2.2a&b). As the excitation fluence increases, the amplitude of the longitudinal 
band increases significantly, while the amplitude of the transverse band remains nearly 
constant. The width of the longitudinal band was also found to be slightly broadened under 
higher excitation fluences (Figure 2.2a&b). The band broadening can be ascribed to a faster 
dephasing of the coherent plasmon oscillation at higher electronic temperatures.34-35 Figure 
2.2c plots the excitation fluence dependent bleaching amplitude of the longitudinal band (at 
705 nm) and transverse band (at 515 nm). The bleaching amplitude of the longitudinal band 
was found to increase linearly with the excitation fluence at low excitation fluences and 
became saturated at higher excitation fluences (Figure 2.2c). Further increase in excitation 
fluence will cause the damage of the sample. The longitudinal band bleaching is much larger 
than that of the transverse band under excitation at 800 nm. The lack of excitation fluence 
dependence of the signal at 515 nm can be explained as due to two opposite effects: the 
increase of the positive dA/A (the wings of the transient absorption of the longitudinal band) 
and increase of the negative dA/A (bleaching of the transverse mode) nearly cancel out each 
other at ~515 nm. 
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Figure 2.2: (a) Excitation fluence dependent transient absorption spectra of gold nanorods at a 
delay time of 1 ps under excitation at 800 nm; (b) Scaled transient absorption spectra 
(normalized the longitudinal bleaching amplitude to 1) under representative low (29.0 μJ/cm2) 
and high (89.2 μJ/cm2) excitation fluences; (c) Excitation fluence dependent amplitude of 
longitudinal mode and transverse mode. 
 
Figure 2.3a shows the decay profiles of the longitudinal bleaching signals at 705 nm 
under different excitation fluences at 800 nm. The fast decay component is due to electron-
phonon relaxation. The slow decay component corresponds to phonon-phonon relaxation, 
which is on a time scale of a few hundred picoseconds, consistent with the previously 
reported results for gold nanorods.25 The excitation fluence dependent electron-phonon 
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relaxation times are plotted in Figure 2.3b, which are obtained by fitting the decay profiles (0 
to 30 ps) with a mono-exponential function 
0( ) exp( / ) 2.1
L
L e phS t A t Aτ −Δ = − +        
where Le phτ − is the electron-phonon coupling relaxation time of longitudinal plasmon mode. 
0A  and LA  are the proportionality constant. The 2nd term in eq. 2.1, 0A , represents the slow 
phonon-phonon relaxation, which is assumed to be constant in the time window studied (1-30 
ps). The electron-phonon relaxation time increases linearly as the excitation fluence increases 
in the low perturbation regime. However, the electron-phonon relaxation time significantly 
deviates from the linear behaviour at relatively high excitation fluences. These saturation 
behaviours are consistent with the results reported by Park el al.25 They explained the linear 
relationship between the excitation fluence and the relaxation time scale as due to the 
temperature-independent electron heat capacity under low excitation fluences. As the 
excitation fluence increases, the electronic temperature increases. The electron heat capacity 
becomes dependent on the electronic temperature, which is responsible for the observed 
deviation from the linear relationship between the relaxation time scales and the excitation 
fluences. At relatively low temperature, there is a linear relationship between the electron 
temperature and electron heat capacity, however, the electron heat capacity becomes to 
saturate after the electron temperature reaches higher temperatures. Comparison of Figure 
2.2c and 2.3b indicates a good correlation between the signal amplitudes and electron-phonon 
time constants: both start to become saturated at excitation fluences of ~40 μJ/cm2. Both the 
excitation dependent signal bleaching amplitude and electron-phonon relaxation time scales 
could be explained by the electronic temperature dependent electron heat capacity in the 
similar manner. The y-intercept of the linear fits in the lower pump fluences could be taken as 
the electron-phonon coupling time constants. A time constant of 0.88 ps is determined for the 
longitudinal mode, which is slightly longer than the previously reported time constants of 
from 0.61 to 0.81 ps.29,33,36 
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Figure 2.3: (a) Excitation fluence dependent bleaching dynamics of the longitudinal band at 
705 nm under excitation at 800 nm. (b) The excitation fluence dependent electron-phonon 
coupling relaxation time constant at 705 nm.  
 
2.4 Interband Excitation 
Figure 2.4a shows the transient absorption spectra of gold nanorods at a delay time of 1.0 ps 
under different excitation fluences at 400 nm. Excitation with 400 nm pulses can promote 
interband transitions from the d band into s-p band above the Fermi level. The generated d-
band holes recombine with the electrons from conduction band within just a few tens of 
femtoseconds.37 The absorbed energy is quickly transferred to the conduction electrons. Both 
the transverse and longitudinal bands are then simultaneously excited. The transient 
absorption spectra can be explained as spectral broadening of both longitudinal and transverse 
bands at a raised electronic temperature. The transient spectra under excitation at 400 nm 
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show interesting excitation fluence dependent evolution (Figure 2.4a&b), strikingly different 
from that under excitation at 800 nm (Figure 2.2a&b). At low excitation fluences, the 
transient spectra are similar to those under excitation at 800 nm: the bleaching of the 
longitudinal band is much larger than the amplitude of the transverse bleaching band. As the 
excitation fluence increases, the amplitude of the longitudinal band bleaching steadily 
increases and becomes saturated and even decreases as the excitation fluence exceeds ~70 
μJ/cm2 (Figure 2.4c). In contrast, the amplitude of the transverse mode only increases slightly 
at low excitation fluences until the excitation fluence reaches ~70 μJ/cm2 and then increases 
rapidly. At high excitation fluences (~180 μJ/cm2), the amplitude of the transverse mode even 
becomes comparable to that of the longitudinal band (Figure 2.4).  
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Figure 2.4: (a) Excitation fluence dependent transient absorption spectra of the gold nanorods 
solution under excitation at 400 nm at a delay time of 1 ps; (b) Scaled transient absorption 
spectra (normalized the longitudinal bleaching amplitude to 1) under representative low (7.8 
μJ/cm2) and high (138.9 μJ/cm2) excitation fluences; (c) Excitation fluence dependent 
bleaching amplitudes at 705 nm (corresponding to longitudinal mode) and 525 nm 
(corresponding to the transverse mode). 
 
Figure 2.5a&b show the decay profiles of the longitudinal and transverse bleaching 
signals at 705 and 525 nm, respectively. The fast decay is due to electron-phonon relaxation 
and the slow decay is due to phonon-phonon scattering. The excitation fluence dependent 
electron-phonon relaxation time scales for longitudinal and transverse bleaching signals are 
plotted in Figure 2.5c. The relaxation times of longitudinal band were obtained by fitting the 
decay profiles using eq. 2.1. Considering the signal at 525 nm is a superposition of the 
bleaching of transverse mode and transient absorption of the longitudinal mode, the decay 
signals at 525 nm were fitted by using 
0( ) exp( / ) exp( / ) 2.2
L T
L e ph T e phS t A t A t Aτ τ− −Δ = − + − +    
where the first term is related with induced absorption by the longitudinal mode and the 
relaxation time constant Le phτ −  was determined from fitting the longitudinal decay signal at 
705 nm and kept fixed in the fitting. The second term is the decay of the transverse mode and 
the decay constant is represented by Te phτ − . The third term represents the slow phonon-phonon 
scattering process, which is assumed to be very slow in the time window studied (1-30 ps). 
LA , TA  and 0A  are the corresponding amplitudes. The electron-phonon relaxation times of 
the longitudinal mode vary from 2 to 6 ps. It is interesting to note that they have similar 
saturation behaviour as their amplitudes, i.e. both the amplitude and relaxation time scale 
saturate and then start to decrease when the excitation fluence increases above ~70 μJ/cm2. 
These results could also be explained as electronic temperature independent heat capacity of 
electron gas at low excitation fluences (thus low electronic temperatures) and electronic 
temperature dependent heat capacity of electron gas at high excitation fluences (thus high 
electronic temperatures).25 At low excitation fluences below ~70 μJ/cm2, the relaxation time 
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of longitudinal mode similar to that of the transverse mode, which is consistent with the 
previous observation by Park et al.25 However, our results indicated that the transverse mode 
has longer electron phonon relaxation times than that of the longitudinal modes when the 
excitation fluence is above ~70 μJ/cm2. 
So far there are very few reports on transient absorption studies on gold nanorods under 
excitation at 400 nm. Link et al. previously reported femtosecond electron dynamics of gold 
nanorods and found both transverse and longitudinal plasmon bands bleach after excitation at 
400 nm.27 They found that the transient bleaches of the transverse and longitudinal plasmon 
absorptions are of comparable intensities, although the longitudinal absorption was much 
larger than the transverse absorption in the steady state spectra. They ascribed the amplitude 
inconsistence between the transient and steady state spectra as a result of photo-instability of 
gold nanorods and a smaller effect of laser heating of the electron gas on the transient 
broadening of longitudinal plasmon resonance. It was also noted that their gold nanorods 
samples had quite some impurity of spherical gold nanoparticles. They also observed that 
there is no difference in the relaxation times measured at the transverse and longitudinal 
bleaching bands. 
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Figure 2.5: Excitation fluence dependent decay profiles of (a) longitudinal mode (at 705 nm) 
and (b) transverse mode (at 525 nm) under excitation at 400 nm. The solid lines are the fitting 
results. (c) The bleaching relaxation times of transverse and longitudinal bands as a function 
of excitation fluence. 
 
Here we used high quality gold nanorods with little impurity of spherical gold 
nanoparticles. We checked the extinction spectra of the samples before and after the 
measurements and only very subtle difference (<5%) in the extinction spectra was observed, 
which suggests that the samples were stable during the transient absorption and pump probe 
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measurements. In our results, the bleaching of the longitudinal band is the dominant 
contribution at low excitation fluences at 400 nm. The amplitude of the bleaching of 
transverse band becomes comparable to that of the longitudinal band only at high excitation 
fluences when the longitudinal bleaching becomes saturated. These observations suggest that 
different amplitudes of longitudinal and transverse bleaching is not due to a smaller effect of 
laser heating of the electron gas on the transient broadening of longitudinal plasmon 
resonance. Under low excitation fluences at 400 nm, the absorbed energy is distributed into 
two modes according to their weights in the steady state extinction spectra. The longitudinal 
bleaching is thus dominant under low excitation fluences. When the longitudinal mode 
absorption is saturated, the absorbed energy will mainly flow to the transverse mode, which 
causes the rapid increase in the bleaching of the transverse band. The relaxation time of 
transverse modes is slightly shorter than that of the longitudinal at low excitation fluences. 
However, the relaxation time of the transverse band increases rapidly as the excitation 
fluences increases. The fact that the transverse relaxation time becomes longer than that of the 
longitudinal band at excitation fluences above ~70 μJ/cm2 suggest that the electronic 
temperature further increases when more input energy is absorbed by the transverse mode. 
The bleaching of the transverse mode saturates at higher excitation fluences compared to 
longitudinal mode, which is consistent with the smaller extinction coefficient of the transverse 
mode compared to that of the longitudinal mode.  
In a related previous report by Jiang et al. on the polarization dependent transient 
absorption studies on gold nanorods under excitation at 800 nm, they found that the relaxation 
time probed in the perpendicular direction is always shorter than that probed in the parallel 
directions. They explained this polarization dependence as due to different weights of pump 
energy heating the anisotropy of gold nanorods.33 In our studies, the electron-phonon 
relaxation time constants have strong correlation with the bleaching amplitude, which is 
directly related with the amount of the redistributed energies. With more energies are 
absorbed by the transverse mode, the increase of the bleaching signal of transverse mode is 
accompanied by a slower damping rate at raised electronic temperatures. 
57 | P a g e  
 
The transient absorption spectra show interesting dependence on the excitation 
wavelength. Excitation at 400 and 800 nm will lead to different distribution of energies into 
the transverse and longitudinal modes. Even though the bleaching of longitudinal and 
transverse modes was observed for both excitation wavelengths, the underlying broadening 
and bleaching mechanisms are different. Excitation at 400 nm will excite both the transverse 
and longitudinal modes simultaneously. Both the broadening and bleaching were observed 
under all excitation fluences. However, longitudinal and transverse modes have the different 
effective absorption efficiency. The longitudinal mode takes the dominant contribution in 
absorbing the energy and gives the dominant bleaching signals under the low excitation 
fluences. As the longitudinal mode becomes saturated upon further increase of excitation 
energies, further increased input energies mainly flow to the transverse modes, consequently 
both the bleaching amplitude and electron-phonon relaxation time of transverse mode 
increase rapidly. It needs to be noted that 400 nm can excite both the intraband and interband 
transitions. The absorbed energy by interband transition is quickly transferred to the 
conduction electrons within a few tens of femtoseconds, which then excite the transverse and 
longitudinal bands simultaneously.37 This initial fast dynamical process cannot be accurately 
time-resolved in our experiments with limited resolution of ~100fs. The situation under 
excitation at 800 nm is different. The photon energy of 800 nm is not sufficient to directly 
excite the transverse band, nearly all of the input energies are first absorbed by the 
longitudinal mode, which results in an increase in electronic temperature and consequent 
broadening and bleaching of both longitudinal and transverse bands. The transverse mode was 
excited indirectly in this case. The transient spectra are similar to those under excitation at 
400 nm at low fluences. Further increasing the excitation energies does not cause further 
increase in the transverse mode bleaching because the transverse mode does not absorb 
energy directly, although the longitudinal bleaching band starts to become saturated.  
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2.5 Conclusion 
In this work, we have presented a systematic study on electron dynamics of gold nanorods 
using excitation wavelength and fluence dependent femtosecond transient absorption and 
pump-probe experiments. Using 400 and 800 nm laser pulses as the excitation sources, 
transverse and longitudinal mode can be selectively excited. The spectral characteristics of the 
transient absorption have been shown to be strongly dependent on the excitation wavelength 
and fluences. 800 nm laser pulses mainly excite the longitudinal mode directly, which cause 
an increase in the electronic temperatures and subsequent broadening and bleaching of both 
the longitudinal and transverse modes. The transverse mode is thus excited indirectly. 400 nm 
pulses excite both the transverse and longitudinal modes simultaneously. At low excitation 
fluences, the energy is distributed into two modes according to their steady state extinction 
coefficients. The transient spectra are similar to those under excitation at 800 nm. However, 
as the excitation fluence exceeds a threshold, the bleaching of the longitudinal plasmon band 
saturates and the input energies mainly flow to the transverse mode. As a result, the bleaching 
of the traverse mode increases rapidly. The electron-phonon dynamics shows a strong 
correlation with the bleaching amplitudes. Both the electron-phonon relaxation times and 
signal amplitudes show a linear dependence on the excitation fluences at low excitation 
fluences and significantly deviate from the linear dependence at higher excitation fluences. 
These results could be explained with a consistent picture: the bleaching amplitude and 
electron-phonon relaxation time are directly related to energy distribution into different 
modes, which are excitation wavelength and fluence dependent. Our studies help to clarify the 
seemingly inconsistent results in the previous studies by different research groups and provide 
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Chapter 3 Transient Absorption Spectroscopy 
of Single Gold Nanorods 
 
Transient absorption spectroscopy of gold nanorods has been studied in ensemble 
measurements as discussed in the Chapter 2. The gold nanorods can be excited by interband 
(400 nm) or intraband absorption (800 nm) and probed at whole visible wavelength region 
(400 - 1100 nm). The measurements are relatively easy and feasible because of the well-
developed laser sources. As a complementary to linear optical measurements of metal 
nanoparticles, transient absorption spectroscopy offers a useful method to understand the 
nonlinear optical properties and bring new information. However, there are some drawbacks 
in the ensemble measurements. Because the optical properties of metal nanoparticles as 
discussed in Chapter 1, are well related with the size and shape of the nanoparticles, it is very 
difficult to understand the optical properties with the exact size and shape of the particle. 
Even though through the state-of-art chemical synthesis method, it is still not possible to get 
homogenous nanoparticles without size and shape distributions. 
Nowadays, single particle spectroscopy has been well developed to be able to study the 
small size metal nanoparticles.1 Compared with more conventional microscopy techniques 
such as electron microscopy or scanning tunneling microscopy, single particle optical 
microscopy can readily access particles in complex environments, provided those are optical 
transparent. The most important aspect but not the least, spectroscopy and nonlinear optics 
integrate a range of time- and frequency-resolved methods, which can address both the 
vibrational and electronic degrees of freedom of condensed matter. Although single-particle 
experiments are more difficult and provide a lower signal-to-noise ratio than ensemble 
measurements, they have distinct advantages as discussed by Zijlstra and Orrit.1 As the laser 
sources for the single particle measurements improve, it would be possible to study the 
nonlinear optical properties more conveniently. 
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 In this work, by combining the single particle scattering measurements with a high 
sensitivity two-color femtosecond pump-probe experiment, we have investigated the ultrafast 
nonlinear optical response of a single gold nanorod around its surface plasmon resonance 
(SPR). By correlating the scattering images with the pump probe images, we can identify the 
same particle with the linear properties to its nonlinear optical properties. The pump probe 
spectroscopy enables background-free detection even in highly scattering environments and 
can be readily applied to any metal nanostructures. The nonlinear response can be interpreted 
in terms of transient electron temperature and density in gold considering both intraband and 
interband transitions. Comparison with a theoretical analysis shows that the transient 
absorption spectroscopy reflects electron and lattice non-equilibrium effects. Furthermore, the 
oscillating times are much longer than the ensemble measurements. By getting rid of the 
imhomogeneous damping effect with single particle studies, it is possible to understand the 
plasmon dynamics in metal nanoparticles more accurately. 
 
3.1 Imaging of Single Gold Nanorods 
Sample Preparation 
The gold nanorods used in this study were prepared by the silver assisted seed mediated 
growth method.2 The transmission electron micrograph is displayed in Figure 3.1. The 
average length of the nanorods is 54 nm and with an average width of 25 nm. After 
preparation, the remaining solutes were diluted by four orders of magnitude through 
centrifugation. This dilution ensured a minimum of surfactant remaining on the surface of the 
nanorod without inducing any noticeable aggregation. After this, the bare gold nanorod 
solution was spin-coated on a clean fused silica glass coverslip. The coverslip was then 
immersed in a phosphate buffered saline solution overnight and then UV/ozone cleaned for 15 
min to ensure a minimum of surfactant remaining on the surface of gold nanorods. The 
sample was mounted in a flow-cell.  
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Figure 3.1: Scanning electron micrograph of the gold nanorods dropcast on a silicon substrate. 
From such images, we extract an ensemble average size of 25 ± 3 nm in width and 54 ± 3nm 
in length. 
 
White Light Scattering 
Single particle white light scattering microscopy was performed in a home built optical 
microscope as shown in Chapter 1, Figure 1.16. The reflected light from a laser driven high-
power lamp was collected by the focusing objective (0.9 NA air spaced, coverslip corrected) 
and directed to a single-photon counting avalanche photodiode (APD, PerkinElmer). There is 
a 15 μm spatial filter and 50 μm detection pinhole in the optical path. To fully use the 
numerical aperture of the objective, the beam was expanded to completely fill the entrance. 
The spot was raster scanned over the sample surface. To increase the visibility of the 
nanorods, the reflected light was bandpass-filtered (650 ± 50 nm) before detection. The 
unfiltered scattering spectrum of each individual nanorod was dispersed by a spectrograph 
(Acton Instruments, SpectraPro 500i) on a liquid nitrogen cooled CCD-camera (Princeton 
Instruments, Spec-10). As discussed in Chapter 1, the white light scattering method has a high 
single-to-noise ratio to image the metal nanoparticles. A 20 μm × 20 μm area was imaged as 
shown in Figure 3.2a. The negative red spots are metal nanoparticles which have the 
absorption spectra.  
 













Figure 3.2: Raster scanned images of 25 nm × 54 nm nanorods in water. (a) White-light 
scattering scan of a 20 × 20 um area. A band pass filter 650 ± 50 nm was used before APD 
detector to increase the visibility of the nanorods in water. (b) Pump-probe raster scan of the 
sample (same area as in (a)). The time delay between the pump and probe pulses was set to 
t=0, so as to detect the amplitude of the electronic response. The pump power is 3pJ. The 
probe wavelength is 650 nm. The probe power is 0.2 pJ. The circles are the guidance for the 
help to find the same nanorod. 
 
Pump Probe Spectroscopy 
The pump probe spectroscopy was performed in the same setup as the white light scattering 
spectroscopy to facilitate measurements on the same particle. A sketch of the optical setup 
used for the pump probe spectroscopy measurements is displayed in Figure 1.16, Chapter 1, 
in combination with the scattering measurements. The ultrafast spectroscopy measurement 
was performed in transmission and probed the extinction by the particle. Optical pulses are 
provided from a Ti/sapphire laser with a repetition rate of 76 MHz (wavelength 785 nm, ~ 
300 fs pulse length). The pump laser beam was modulated by an acousto-optical modulator at 
a frequency of 400 kHz. The relative transmission change was probed by the frequency-
doubled output of an Optical Parametric Oscillator (OPO), tunable between 520 and 700 nm. 
The laser light was focused onto the sample with the same objective as used in white light 
scattering measurements. The sample was mounted on a three-dimensional computer 
controlled translation stage. The transmitted intensity of the probe beam is recorded with a 
fast Si-PIN photodiode, and a lock-in amplifier extracts the small change of the detected 
probe intensity /T Tδ at the modulation frequency. The transient transmission signal /T Tδ  
of a single gold nanorod as low as 10-6 can be measured. The pump probe delay time was 
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scanned by a delay line. The pump and probe pulses energies at the back aperture of the 
objective were kept low to minimize the damage of the gold nanorods.  
In Figure 3.2b, we show a raster scan by imaging the surface of the sample with the 
pump and probe pulses with the time delay set to t=0 (so we detect the peak of the electronic 
response). It shows the white light scattering raster scan of the same area, where the circle 
spots correlate well the particles in both images. In the pump probe image, we observe a large 
spread in the sign and amplitude of the electronic response. Some particles have the positive 
signals and some of the particles have the negative signals. As we can see, the sign and 
amplitude of the electronic response strongly depend on the probe wavelength with respect to 
the longitudinal SPR wavelength. We will discuss the transient absorption spectra of a gold 
nanorod in the next section. 
 
3.2 Scattering Spectrum of Single Gold Nanorods 
One of the measured scattering spectra of the gold nanorods as shown in Figure 3.2a indicated 
by arrows is shown in Figure 3.3. The gold nanorod has longitudinal plasmon energy at 1.92 
eV (646 nm). The spectrum is fitted with Lorentz function with a line width of 90 meV, in 
good agreement with earlier reports.3 The Lorentzian line helps us select individual nanorods, 
and optimize the probe wavelength for each nanorod. The signal of the pump probe 
spectroscopy is wavelength dependent and it is the reason why some of the particles are 
invisible in Figure 3.2b.  
Here we estimate the particle lattice temperature increase due to the pump and probe 
lasers. The energy Eabs absorbed by the nanoparticle from pulses with energy Epulse can be 
approximated as Eabs=σabs/A×Epulse, where σabs is the absorption cross-section of nanoparticle 
at the wavelength of the pump and probe lasers and A is the cross-section area of the laser 
beam in the focal plane. The value for A was obtained from the spot size in raster scans at 
zero time delay, and we found A=1.52×10-13 m2. The absorption cross-section of a nanorod, 
σabs, was estimated for an ellipsoid in the electrostatic approximation. For a typical particle of 
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25 nm × 54 nm in air and water, the absorption spectra are calculated to match the spectra as 
shown in Figure 3.3. For example, the calculated absorption cross section values at 785 nm 
are 1.45×10-16 m2 and 3.75×10-16 m2 in air and water, respectively, as shown in Table 3.1. 
The initial temperature increase of the lattice can then be calculated from the absorbed 
energy as ΔT=Eabs/CpVp, where Cp is the heat capacity of the solid gold (24.9×105 JK-1m-3) 
and Vp is the particle volume (2.24×10-23 m3). For the typical pump and probe pulse energies 
and wavelengths used, we find upper limits of the transient lattice temperature of about 600 K 
at zero probe delay. Note that the temperature rise due to the probe laser is evaluated for a 
wavelength on the peak of the plasmon. 
For the nanorod in water, the lattice temperature decays on a time scale around 100 ps, 
about 100 times shorter than the pulses separation (~ 13 ns). Due to this low duty cycle the 
time-averaged temperature increase of the nanorods is <10 K, and hence no reshaping is 
observed. This is in agreement with ultrafast studies on ensembles of gold nanorods, where no 
structural reshaping was observed for transient lattice temperature below 1000 K. More 
importantly, structural reshaping can be verified by white-light spectra before and after the 
pump-probe measurements. Under this excitation conditions employed in this study, all the 
particles are stable. 
 
Table 3.1: Calculated upper bounds for the lattice temperature increase after the absorption of 
pump and probe pulses for 25 nm × 54 nm nanorod in air and water. Note that the probe 
wavelength that calculated here is the plasmon peak which corresponding to the highest 
temperature increase during the measurements. 
 
Nanorod Pulses σ (m2)|λpulse Epulse (pJ) Eabs (fJ) ΔTt=0 (K) 
Air Pump  (λ= 785nm) 1.45×10-16 10 9.5 170 
 Probe (λ= 603nm) 9.41×10-15 0.2 12.4 220 
Water Pump (λ= 785nm) 3.75×10-16 5 12.3 220 
 Probe (λ= 650nm) 1.64×10-14 0.2 21.6 390 
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Figure 3.3: White-light spectrum of a single gold nanorod in water. The spectrum is fitted 
with Lorentz function. The band width of the spectrum is 90 meV. 
 
3.3 Transient Absorption Spectrum of Single Gold Nanorods 
To illustrate nonlinear optical spectrum of a single gold nanorod which the scattering 
spectrum is shown in Figure 3.3, we show the amplitude of the electronic response as a 
function of probe wavelength at different excitation powers (Figure 3.4a). There is a positive 
transient bleaching signal around the plasmon peak. When probing at the sides of the plasmon 
band, we observe a transient absorption signal. Increasing the excitation energy, the bleaching 
amplitude increases and the bleaching peak is broadened. The line broadening is due to an 
increase in the electron scattering rate of the hot electrons, which supplies additional decay 
channels for the plasmon oscillation.4 Qualitatively understanding, this is caused by the nature 
of the transient SPR, which involves a broadening and a shift of the longitudinal SPR.5 More 
precisely, the transient absorption spectrum of the gold nanorod is quantitatively interpreted 
in terms of the bulklike optical nonlinearity enhanced by the plasmonic effect.6 The transient 
absorption spectrum is also polarization dependent as shown in Figure 3.4b which also gives 
us another way to make sure the single gold nanorods detected besides the scattering 
spectrum.  
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Figure 3.4: Pump-probe spectroscopy of a single gold nanorod. (a) Probe wavelength 
dependence of the amplitude of the electronic response. The scattering spectrum of the 
nanorod is shown in Figure 3.3. The surface plasmon resonance is indicated by the vertical 
line and is located at 646 nm. (b) Probe polarization dependence of the electronic response, 
the solid line is the fitting with cosine function. 
 
To interpret the experimental transient absorption spectrum of a single gold nanorod as shown 
in Figure 3.4a, a theoretical calculation based on the plasmon enhanced nonlinearity of bulk 
gold has been shown in Figure 3.5b. In Figure 3.5a, the scattering spectrum was calculated 
based on Mie’s theory. To match the measured scattering spectrum in water, an effective 
refractive index is used. The calculated plasmon peak of the gold nanorod is at 650 nm. The 
complex index of refraction for gold was taken from Johnson and Christy.7 As discussed more 
detailed in Chapter 1, the transient absorption spectra of gold nanorods were calculated based 
on Rosei model considering both interband and intraband transitions.8-9 Then a difference 
absorption cross section can be obtained when the electron temperature changed form 0T to eT : 
0( ) ( , ( )) ( , ( )) 3.1eT Tσ ω σ ω ε σ ω εΔ = −  
As calculated in Figure 1.9a & 1.9b, Chapter 1, the changes of real ε ′Δ and imaginary ε ′′Δ of 
Au were relatively small at wavelength longer than the interband transition. However, the 
nonlinearity of gold nanorods at longitudinal plasmon band is enhanced by the plasmon effect 
and then gives the dominant bleaching peak at plasmon resonance. As we can see from Figure 
3.5b, the transient absorption spectra are well reproduced the experimental results shown in 
Figure 3.4a. In the calculations, the electron temperatures are set to 2000 K and 4000 K at 
lower and higher excitation energies which predict the measured transient absorption spectra 
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nicely. In metal, real ( )Dtε ′Δ and imaginary ( )Dtε ′′Δ of Au reflect excitation of the electrons 
by the pump pulses and their subsequent relaxation.10-11 Fast excitation creates an athermal 
electron distribution thermalizing internally and with the lattice by electron-electron and 
electron-phonon scattering, respectively.6,12 On the short time scale, energy is mostly stored in 
the electrons and the electrons are becoming hot which following the Fermi-Dirac distribution. 
The interband contribution to the real ( )Dtε ′Δ and imaginary ( )Dtε ′′Δ of Au was dominated.13 
As increasing the electron temperature, the scattering rate becomes faster and the spectra 
become broader. The transient absorption spectra of a single gold nanorod are quantitatively 
described via the transient electron temperature and density in gold considering both 
intraband and interband transitions. The plasmon effect of gold nanorods at longitudinal band 
gives an enhancement factor to the observed nonlinearities.  
 





































Figure 3.5: (a) Calculated absorption cross section of a 25 nm × 54 nm nanorod deposited on 
glass substrate and immersed in water. To match the plasmon peak of gold nanorod that 
measured in water as shown in Figure 3.3, the refractive index used here is n=1.5 in water. 
The polarization of the light is parallel to the gold nanorod. (b) The calculated absorption 
cross section changes / ( , 0)prA A λ τ−Δ =  around the SPR of the gold nanorod. The gray 
vertical line indicates the plasmon wavelength.  
 
 
3.4 Cooling Dynamics in Single Gold Nanorods 
When exciting a metal nanoparticle with a short pulsed laser, surface plasmon is excited. Due 
to the electron-electron collisions, the collective electron oscillations (called surface plasmons) 
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lose their coherence.12,14-16 Within 100 fs the initially non-thermal distribution of electrons has 
equilibrated and creates a hot electron gas. Through electron-phonon coupling, those hot 
electrons transfer their energy to the phonon system, thus heating the lattice of the particle. As 
discussed in Chapter 1, the electron cooling process can be described by the two-temperature 
model, the time dependent absorption changes are calculated and shown in Figure 1.13a. 
Depending on the excitation pulse energy, the electrons and phonons are in thermal 
equilibrium within a few picoseconds.  
To illustrate the electron-phonon relaxation in a single gold nanorod we show the pump 
power dependent decay traces in Figure 3.6a. Obviously, there are a few characters within the 
measured time period. There is a sudden jump of the electron response and gives the highest 
signal when overlapping the pump and probe pulses. At this point, the electrons are becoming 
hot and they followed the Fermi-Dirac distributions. The electrons then transfer their energy 
to the lattice through the electron-phonon scattering, the longitudinal SPR bleach decays 
quickly. The offset we observe for t > 5 ps is due to the elevated lattice temperature, which 
decays on a typical timescale of hundreds of picoseconds. In this process, another feature is 
the decay curves are modulated by some fast and slow oscillations which are attributed to the 
lattice oscillations and we will mainly discuss it in the next Chapter.  
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Figure 3.6: (a) Pump pulse energy dependent of the transient bleaching decay curve. The inset 
is the electron-phonon decay part to indicate the electron-phonon decay time as a function of 
the pump pulse energy. The decay time was obtained by fitting the curves with a single 
exponential in 0-10 ps. (b) The calculated plasmon bleaching curve by using two-temperature 
model at different initial electron temperature eT . 
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In Figure 3.6a, we show the dependence of the electron phonon decay on the pump 
pulse energy. We observe a clear increase in the decay time when the pump power is 
increased. This indicates that longer electron relaxation time for higher pump pulse energies. 
We also decrease the pump energy after excitation with highest pulse energy, the relaxation 
time goes back to the original value, indicating that the particle is stable and the 
measurements are reliable. The particle is not undergoing any radical shape changes when 
employing higher pump pulse energies. The electron-phonon which measured here can also 
be determined by calculating the electronic response with two temperature model as shown in 
Figure 3.6b. This approach requires the initial electron temperature as a parameter in the 
model. By linearly extrapolate the power dependent electron relaxation time to zero pump 
pulse energy, we find a limiting electron-phonon decay time 0 550 50 fsτ = ± . This gives us 
a value of 16 33.5 0.3 10 Wm K−± × for the electron phonon coupling constant, which is in 
good agreement with previous measurements on gold particles and gold films.17-20  
 
3.5 Conclusion 
To this end we have measured the electron dynamics and transient optical properties of single 
gold nanorods. Because of the limitations of the laser sources, only the nonlinear optical 
response near the longitudinal plasmon band has been measured. The transient absorption 
spectra of a single gold nanorod are quantitatively described via the transient electron 
temperature and density in gold. From the electron-phonon decay time we found an electron 
phonon coupling constant in single gold nanorods is in good agreement with the ensemble 
measurements which are studied in Chapter 2 and also consistent with previous ensemble 
measurements. Therefore, based on the quantitatively investigated ultrafast nonlinear optical 
response of a single gold nanorod around its SPR, it is possible to study the optical 
nonlinearity in many other plasmonic materials and devices. 
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Chapter 4 Damping of Acoustic Vibrations of 
Single Gold Nanorods 
 
We present measurements of the acoustic vibrations of single gold nanorods deposited on a 
glass substrate immersed in air and water by ultrafast pump-probe spectroscopy. The 
nanorods display two vibration modes, the breathing mode and the extensional mode. The 
damping time of the two modes is influenced by the environment, and a reduction of the 
quality factor is observed when the particles are immersed in water. The reduced quality 
factor of the breathing mode is in good agreement with a model that takes into account 
viscous damping and radiation of sound waves into the medium. The extension mode, 
however, is heavily damped when the particles are immersed in water, which is attributed to 
hydrodynamic lubrication forces between the nanoparticle and the glass substrate. Our results 
identify a new mode of damping in supported nanoparticles, and indicate that the immersion 
medium can have different effects on different modes of vibration. 
 
4.1 Introduction 
Acoustic vibrations of nanometer scale objects provide fundamental insight into the 
mechanical properties of matter.1-2 Acoustic vibrations of metal nanoparticles uniquely give 
access to vibrations at frequencies in the range of 1 GHz to 1 THz,3-4 which is not possible in 
bulk metal films. This range is particularly interesting as both electron and phonon relaxation 
times are comparable to the period of the sound wave, and electron and phonon mean free 
paths are comparable to the particle size. In addition to the fundamental interest, the 
mechanical properties of nanoparticles are important for applications where vibrating 
nanostructures are employed as ultrasensitive mass sensors.5-8 To achieve a high sensitivity, 
low mechanical energy dissipation and long damping times are required.   
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Many studies have therefore focused on the dissipation of acoustic vibrations in noble 
metal nanoparticles as a function of particle size, shape and surrounding environment.9-15 
These studies have largely concentrated on ensembles of particles, in which inhomogeneous 
broadening dominates the observed damping time.11-12,16 Recently, it has been demonstrated 
that the inhomogeneous dephasing can be eliminated by performing pump-probe 
spectroscopy on single particles.4,14,17-20 Indeed, the single particle experiments consistently 
show a significantly longer damping time than observed in ensemble measurements. The 
damping times that are found in single-particle experiments however show a large spread 
from particle to particle, whether the particles are immobilized on a substrate19,21 or optically 
trapped and studied in a homogeneous aqueous environment.13 The latter measurements 
suggest that intrinsic damping is significant but varies from particle to particle, and may 
depend on details such as crystal defects or the density of the capping layer. The mechanical 
properties of the immersion medium may also affect the damping times of the acoustic 
vibration by increased viscous damping and a different acoustic impedance mismatch.11,14,20-21 
The effects of the environment on the damping times are theoretically well documented,9,22 
but have largely been measured on ensembles of particles10 where inhomogeneous broadening 
is present. 
Here we report on the damping of acoustic vibrations of single gold nanorods deposited 
on a glass substrate immersed in air and water, respectively. We show that the environment 
can have a profoundly different effect on single-particle vibrational modes with different 
symmetries. When a gold nanorod is immersed in water, the reduced quality factor of the 
breathing mode is in good agreement with a model that takes into account acoustic impedance 
of the solvent and viscous damping. For the extension mode, however we observe an 
extremely low quality factor when the particles are immersed in water. The effect is much 
stronger than what observed in previous studies,9,11, and is attributed to hydrodynamic 
lubrication forces between the nanoparticle and the glass substrate. To further understand the 
effect of the environment on the acoustic vibrations we varied the amount of water on the 
nanoparticles by slowly evaporating a thin film of water with a flow of nitrogen gas. The 
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amount of water on the particles is estimated from the surface plasmon peak position, and we 
find a gradual change in the quality factor of the vibrations when the water evaporates. Our 
results indicate that the immersion medium can have different effects on modes of vibration 
with a different symmetry.  
 
4.2 Experimental Setup 
The gold nanorods were prepared by silver-assisted seed-mediated growth in the presence of 
cetyltrimethylammonium bromide (CTAB).23 This yielded nanoparticles with a length of 54 ± 
3 nm and a width of 25 ± 3 nm. The corresponding SEM image is shown in Figure 4.1a. The 
remaining solutes were diluted by 4 orders of magnitude through centrifugation. For the 
single-particle experiments, the gold nanorods were spin-coated on a clean glass coverslip. 
The coverslip was then immersed in a phosphate buffered saline solution overnight and then 
UV/ozone cleaned for 15 min to ensure a minimum of surfactant remaining on the surface of 
gold nanorods. The sample was mounted in a flow-cell which allowed us to change the 
environment around the nanoparticles.  
The combined setup for white-light and pump-probe spectroscopy is shown 
schematically in Chapter 1, Figure 1.17, and was described earlier.13,19 White-light spectra of 
the particles were recorded in a reflection geometry.17,24 Typically, the white-light beam was 
focused onto the sample surface using a high-numerical-aperture objective (NA=0.9). A 20 × 
20 μm2 raster scan image was recorded by scanning a piezoelectric stage and recording the 
optical signal collected in reflection, passed through a 50 μm pinhole and a band-pass filter 
and sent to a single-photon-counting avalanche photodiode (APD). The white-light spectrum 
of a single particle in the focus of the objective lens was recorded using a spectrometer 
equipped with a nitrogen-cooled charge-coupled device camera. A Lorentzian lineshape 
indicates a single particle in the focal spot, and the measured plasmon wavelength allowed us 
to choose the proper probe wavelength to observe both the breathing and extension vibration 
modes in the time traces.19 Examples of typical white-light spectra of a single particle in air 
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and the same particle in water are shown in Figure 4.1b. The pump-probe spectroscopy of 
single particles was performed in transmission and probed the extinction by the particle. 
Acoustic vibrations of the gold nanorods were excited with the pulse-train from a Ti/sapphire 
laser with a repetition rate of 76 MHz (wavelength 785 nm, ~300 fs pulse length). The pump 
laser beam was modulated by an acousto-optical modulator at a frequency of 400 kHz. The 
relative transmission change was probed by the frequency-doubled output of an Optical 
Parametric Oscillator (OPO), tunable between 520 and 700 nm. The transmitted intensity T  
of the probe beam was recorded with a fast Si-PIN photodiode, and a lock-in amplifier 
extracted the small change of the detected probe intensity Tδ  due to the presence of the 
pump beam. The vibration trace of the nanorods was constructed by recording ( ) /T t Tδ as a 
function of the time delay t  between the pump and probe pulses, controlled using a 
mechanical delay stage. In all measurements, the pump and probe pulse energies were kept 
below ~10 and 0.2 pJ, respectively. Under those conditions, no melting or reshaping of the 
nanorods was observed, as confirmed by the scattering spectra before and after the 
measurements. 
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Figure 4.1: (a) Scanning electron micrograph of the gold nanorods dropcast on a silicon 
substrate. These gold nanorods have an ensemble average size of 25 ± 3 nm in width and 54 ± 
3 nm in length. (b) Example of a normalized white-light spectrum of a single gold nanorod in 
air and of the same particle in water.  
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Here we estimate the particle lattice temperature increase due to the pump and probe 
lasers pulses. The energy Eabs absorbed by the nanoparticle from pulses with energy Epulse can 
be approximated as Eabs=σabs/A×Epulse, where σabs is the absorption cross-section of the 
nanoparticle at the wavelength of the pump or probe laser and A is the cross-sectional area of 
the laser beam in the focal plane. The value for A was obtained from the spot size in raster 
scans at zero time delay, and we found A=1.52×10-13 m2. The absorption cross-section of a 
nanorod, σabs, was estimated for an ellipsoid in the electrostatic approximation.25 For a typical 
particle of 25 nm × 54 nm in air and water, the calculated absorption spectra are shown in 
Figure 4.2 using the effective refractive index to match the calculated plasmon wavelength to 
the measured spectra as shown in Figure 4.1b. For example, the calculated absorption cross 
section values at 785 nm are 1.45×10-16 m2 and 3.75×10-16 m2 in air and water, respectively, as 
shown in Table 4.1. 
The initial temperature increase of the lattice can then be calculated from the absorbed 
energy as ΔT=Eabs/CpVp, where Cp is the heat capacity of bulk solid gold (24.9×105 JK-1m-3) 
and Vp is the gold nanorod volume (2.24×10-23 m3). For the typical pump and probe pulse 
energies and wavelengths used, we find upper limits of the transient lattice temperature of 
about 600 K at zero probe delay. Note that the temperature rise due to the probe laser is 
evaluated for a wavelength on the peak of the plasmon. 
For the nanorod in water, the lattice temperature decays on a time scale of around 100 
ps, about 100 times shorter than the pulses separation (~ 13 ns). Due to this low duty cycle the 
time-averaged temperature increase of the nanorod is <10 K, and hence no reshaping is 
expected. This is in agreement with ultrafast studies on ensembles of gold nanorods, where no 
structural reshaping was observed for transient lattice temperatures below 1000 K.26 More 
importantly, structural reshaping can be verified by recording white-light spectra before and 
after the pump-probe measurements. Under the excitation conditions employed in this report, 
all the particles are stable. 
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Table 4.1: Calculated upper bounds for the lattice temperature increase after the simultaneous 
absorption of pump and probe pulses for 25 nm × 54 nm nanorod in air and water. Note that 
the probe wavelength is taken on the plasmon peak. 
 
Nanorod Pulses σ (m2)|λpulse Epulse (pJ) Eabs (fJ) ΔTmax (K) 
Air Pump  (λ= 785nm) 1.45×10-16 10 9.5 170 
 Probe (λ= 603nm) 9.41×10-15 0.2 12.4 220 
Water Pump (λ= 785nm) 3.75×10-16 5 12.3 220 
 Probe (λ= 650nm) 1.64×10-14 0.2 21.6 390 
 
























Figure 4.2: Calculated absorption cross section of a 25 nm × 54 nm prolate spheroid 
immersed in air and water. To account for the presence of the substrate we used an effective 
medium refractive index, which was chosen such that the calculated plasmon wavelength 
matches the measured values shown in Figure 4.1b, (n=1.3 for the particle in air, and n=1.5 
for the particle in water). 
 
4.3 Acoustic Vibrations of Single Gold Nanorod in Air and Water 
In a typical pump-probe experiment, the electron distribution in a particle is perturbed by a 
short pump pulse, and the subsequent energy relaxation can be monitored by a time-delayed 
probe beam with a wavelength close to the plasmon resonance.27-29 The energy relaxation is 
reasonably described as a series of sequential relaxations including electron-electron 
scattering, electron-phonon coupling, and heat dissipation to the surroundings. Acoustic 
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vibrations are excited by two distinct mechanisms.30-31 First, the sudden surge in electron 
temperature applies a pressure on the surface of the particle. Second, energy transfer from the 
electrons to the lattice causes a sudden increase in the equilibrium interatomic distance by 
thermal expansion. Electron-lattice relaxation is fast (typically 1-3 ps) compared to acoustic 
vibrations (provided the particle is not too small), and the particle is suddenly brought out of 
mechanical equilibrium and mechanical oscillations are launched. The acoustic oscillations 
cause periodic changes of the size and shape of the nanoparticle and thus of the plasmon 
resonance, and can be probed with a light pulse with a frequency close to the plasmon 
resonance. In a cylindrical particle such as a nanorod, two fundamental modes of vibration 
can be observed optically. The extension mode involves an axial expansion combined with a 
radial contraction and probes the Young’s modulus along the long axis of the nanorod, 
whereas the breathing mode involves radial expansion and depends on both the bulk and 
shear elastic modulus.32 
Before performing pump-probe spectroscopy, we confirmed the presence of a single 
nanorod in the focus by checking the white-light spectrum. Example spectra are displayed in 
Figure 4.1b for the same nanorod in air and in water. The longitudinal plasmon band of the 
gold nanorod in air has a single Lorentzian line shape with maximum at ~613 nm, which 
shifts to ~652 nm upon immersion in water.  Figure 4.3a shows the delay traces obtained on 
the same nanorod as displayed in Figure 4.1b, both in air and water. The pump-probe traces 
show pronounced modulations arising from acoustic vibrations superposed on an 
exponentially decaying background due to the gradual cooling of the hot lattice. The power 
spectral density of the traces is shown in Figure 4.3b, which exhibits two peaks corresponding 
to the breathing (~ 95 GHz) and extension (~ 15 GHz) modes. From Figure 4.3a it is already 
obvious that the extension mode is heavily damped when the particle is immersed in water, 
whereas the damping time of the breathing mode is much less affected. 
To obtain the damping times of the vibrations were fitted the delay traces with an 
exponential decay superposed on the sum of two damped oscillation terms: 
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( , )
( ) / exp( / ) exp( / ) cos(2 ) 4.1c cool k k k k
k ext br
T t T A t A t tδ τ τ πν φ
=
= − + − −∑
 
where the first term represents the cooling of the particle and coolτ  is the time required for 
heat exchange between the crystal lattice and the environment. The oscillating term 
corresponds to two damped oscillation modes with characteristic decay time kτ (k = br, ext for 
breathing or extension), frequency kν , phase kφ , and cA and kA are proportionality constants. 
Fitting eq 4.1 to the vibrational trace gives the extension and breathing frequencies. The 
extensional frequency of the gold nanorod in Figure 4.3 in air is 15.43 0.02airextν = ±  GHz and 
the breathing mode frequency is 94.34 0.01airbrν = ±  GHz. The extensional frequency of the 
same gold nanorod in water is 16.16 0.08waterextν = ±  GHz and the breathing mode frequency 
is 95.24 0.01waterbrv = ±  GHz. Note that the cooling time coolτ  is shorter in water (~170 ps) 
compared to air (~650 ps), as expected due to the better thermal conductivity of water. 
Considering the size distributions of the studied gold nanorods with an ensemble average size 
of 25 ± 3 nm in width (12%) and 54 ± 3nm in length (6%), as determined by SEM 
measurements, the distributions of the vibrational frequencies that we measured in air for the 
breathing mode and extensional mode are 11% (102±11 GHz) and 7% (15.2±1 GHz). The 
spread in the measured frequencies can thus largely be attributed to the size distribution of the 
particles. 
Hu et al. employed continuum mechanics to derive expressions for the breathing and 
extensional vibrational frequencies of a slender freestanding nanorod.16 For a cylindrical rod 
with a length L and radius R, the vibrational frequencies were expressed in terms of the elastic 











where the positive integer n  indicates the radial mode number (for the fundamental breathing 
mode, 0n = ), and  











where the positive integer m indicates the extension mode number (for the fundamental 
extension mode 0m = ), ( )slc is the longitudinal speed of sound in gold. E is the Young’s 
modulus along the long particle axis, and ( )sρ is the density of gold. The eigenvalue nϕ for 
the breathing mode of a slender rod is given by 0 1( ) (1 2 ) ( ) / (1 )n n nJ Jϕ ϕ σ ϕ σ= − − , where 
σ is Poisson’s ratio.2 For the fundamental breathing mode, 0 2.28ϕ = . The calculated mode 
frequencies are 94.1 GHz for the breathing mode and 13.7 GHz for the extensional mode of 
an average gold nanorod of 25 nm × 54 nm, which are close to the measured values. 
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Figure 4.3: Acoustic vibrations of a single gold nanorod. (a) Vibrational traces of the same 
gold nanorod in air and water, displaying a sum of breathing and extension mode vibrations. 
The red lines are fits to the experimental data using eq 4.1. (inset) Zoom of trace for short 
times. Fit parameters (errors are fitting errors): 15.43 0.02airextν = ±  GHz with a damping time 
of 370 20airextτ = ± ps, 94.34 0.01airbrν = ±  GHz with a damping time of 93 5airbrτ = ±  ps, 
16.16 0.08waterextν = ±  GHz with a damping time of 111 6waterextτ = ±  ps, and 
95.24 0.01waterbrv = ±  GHz with a damping time of 73 3waterbrτ = ±  ps.  (b) Power spectral 
density of the oscillatory part of the traces in (a). 
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For all particles we observed a heavily damped extension mode for the particle 
immersed in water, whereas the additional damping of the breathing mode is much less 
pronounced.  To facilitate the comparison of the damping times in air and water, we 
characterize the damping by the quality factor Q of the vibrations, given by 
2 / 2k k kQ vπ τ= .33 For the nanorod displayed in Figure 4.3 we find a slightly reduced quality 
factor for the breathing mode in water ( 21.8 0.9waterbrQ = ± ) compared to air 
( 27.6 1.4airbrQ = ± ). The extension mode on the other hand is heavily damped in water and 
the quality factor decreased from 17.9 1airextQ = ±  to 5.6 0.3airextQ = ±  upon immersion. This 
effect is also clearly visible in the power spectral density of the oscillatory part of the trace, as 
shown in Figure 4.3c. The quality factors of the breathing and extension modes of many 
individual gold nanorods in air and water are plotted in Figure 4.4a and 4.4b. The vibrations 
of the particles in air have an average quality factor of 28 4airbrQ< > = ± for the breathing 
mode, and 20 3airextQ< > = ± for the extension mode, in good agreement with our earlier 
observations.19 The gold nanorods in water have quality factors of 20 3waterbrQ< > = ±  for 
the breathing mode, and 4 1waterextQ< > = ±  for the extension mode. The extension mode is 
thus consistently heavily damped in a water-environment.  
 


























Figure 4.4: Scatter plot of the quality factor 2 / 2k k kQ vπ τ=  for the same gold nanorods in 
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air and water, for (a) the breathing mode and (b) the extension mode. Error bars are the fit 
inaccuracies. The dash-dotted line corresponds to water airQ Q= . 
 
4.4 Theoretical Analysis of Vibrational Modes 
We now analyze the results for the breathing mode and the extensional mode separately, 
starting with the breathing mode. The quality factors of the breathing mode in the gold 
nanorods can be understood by analyzing the different contributions to the damping of the 
vibrations. The factors that could contribute to the damping in our experiment are the acoustic 
impedance mismatch between the particle and its environment, viscous damping, damping 
due to the presence of the substrate and damping mechanisms intrinsic to the particle (e.g., 
due to lattice defects or the presence of residual surfactant on the surface of the particle). we 
obtain the combined quality factor due to the substrate, subQ , and intrinsic damping intrQ , 
from the measurement in air, yielding an average value of 28 4sub+intrQ = ±  for the breathing 
mode. We will now estimate the former two effects, impedance mismatch and viscous 
damping theoretically.   
The contribution from the acoustic impedance mismatch, impQ ,  can be estimated from 
the complex frequency model,9 which takes into account the radiation of sound waves into the 
medium. The model then yields a complex eigenfrequency for the breathing mode, in which 
the imaginary part gives the damping time that depends on the difference in the acoustic 
impedance ( lZ cρ= × ) between the particle and the medium. We estimate the quality factor 
of the rod’s breathing mode by approximating it as a gold nanosphere with a diameter of 32 
nm (which has the same breathing frequency as the gold nanorods), yielding 
52.9 0.5impQ = ± . The contribution due to viscous damping can be estimated from a model 
by Saviot et al.22,34 The model includes sound radiation and damping by bulk and shear 
viscosities. These can be expressed in terms of the speeds of sound in water as 
2
2
( ) 1/2(( 2 ( 2 )) / )H Ol L L H Oc iλ μ ω λ μ ρ= + + +  and 2 2( ) 1/2(( ) / )H Ot L H Oc iμ ωμ ρ= + , where Lμ
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and Lλ  are Lamé constants, and μ and λ are the shear and bulk viscosity coefficient. We 
found a minor correction, yielding 49.5 0.5imp viscQ + = ±  for the overall quality factor. The 
calculations show that the changed viscosity is a minor contribution to the damping of the 
breathing mode. 
The total quality factor totalQ  in a medium is now given by the contributions from the 
individual damping mechanisms, and can be written as: 1 1 1total imp visc sub+intrQ Q Q
− − −
+= + , From the 
average measured breathing quality factor 28sub+intrQ = and the calculated 
49.5 0.5imp viscQ + = ± , we find 17.9 1.4totalQ = ±  for the breathing mode in water, which is 
very close to the measured value of 20 3totalQ = ± . This suggests that the additional damping 
that we observe for the breathing mode is dominated by a combination of the changed 
acoustic impedance mismatch and additional viscous damping due to the presence of water. 
We now turn our attention to the extensional mode. Mechanisms that contribute to the 
observed quality factor in our experiment are (i) fluid damping due to the surrounding water, 
characterized by the quality factor fluidQ , (ii) dissipative coupling to the substrate, subQ , and 
(iii) damping intrinsic to the particle, intrQ .  The combined quality factor due to the substrate 
subQ  and intrinsic damping intrQ  is obtained from the measurement in air, yielding an average 
value of 20 3sub+intrQ = ± . The fluid damping was first calculated for a vibrating cylindrical 
rod immersed in an unbounded fluid, using classical continuum theories for fluid and solid 
mechanics. 11,16 Using this theory, we estimate the quality factor for the extensional mode of a 
gold nanorod with an ensemble average size of 25 ± 3 nm in width and 54 ± 3 nm in length 
immersed in water, to be 53.8 5.7fluidQ = ± . Combining this value with quality factors due 
to other damping mechanisms, 1 1 1total fluid sub intrQ Q Q
− − −
+= + , gives a total quality factor 
14.6 1.4totalQ = ±  for the extensional mode. This greatly exceeds the measured value of 
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4 1totalQ = ±  and indicates that an additional damping mechanism is present in our 
measurement, with an expected value for the fluid component of 5.5 1.7Q = ± .  
The particle is in close proximity to the surface and executes longitudinal oscillations 
along its axis. Hydrodynamic lubrication forces between the particle and solid surface are 
therefore expected to be an additional damping mechanism. These lubrication forces will 
increase the observed fluid damping in comparison to previous studies that interrogated the 
dynamics of particles in an unbounded fluid.11,13 
Since the precise morphology of the water/particle system is not known, development 
of a rigorous model for these extensional mode measurements is challenging. It is unknown 
whether any residual CTAB is present between the particle and the substrate, so we assume 
that all the CTAB was removed by the treatment of the sample as described in the 
experimental section. Also molecular effects may be important due to the expected small gap 
between the particle and the surface.35-37  While molecular simulations should provide insight 
into these effects, experimental characterization of the particle/surface/water morphology may 
pose a significant challenge. For simplicity, these effects are ignored in this initial treatment – 
indeed, it has been shown previously that molecular effects do not significantly modify the 
effective viscosity of water in nanometer and sub-nanometer films.38-39. We therefore 
calculate the effect of continuum lubrication forces on the extensional mode oscillations of an 
inner cylinder encased by a second coaxial (larger) stationary cylinder. This simplifies 
analysis and models the proximity of a particle to a solid surface. It gives the following 






hRQ ρ ωμ=  
where ( )sρ  is the particle density, ω vac  is the extensional mode angular frequency in the 
absence of fluid, R is the particle radius and μ  the fluid shear viscosity. Note that the quality 
factor decreases as the separation h is reduced, as expected. Separation between the 
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oscillating and stationary cylinders is h, and mimics proximity of the real cylinder to the solid 
surface. 
Using the separation h as an adjustable parameter, and requiring that the calculated 
quality factor is 5.5 1.7lubricationQ = ± , yields a separation of h ~ 0.2 nm. This value is 
approximately the molecular length scale of water, which immediately draws into question 
the validity of the developed continuum model, as discussion above. Nonetheless, this value 
is consistent with the particle being close to the solid surface and separated by only a few 
water molecules – this is the expected experimental situation. This suggests that lubrication 
forces in the immediate vicinity of the particle/surface contact region can cause significant 
additional damping compared to the bulk effects observed in previous measurements of 
unbounded particles. These bulk damping effects are much smaller than the observations here, 
and lead to a quality factor similar in magnitude to the result in the absence of water. 
 
4.5 Water Layer Thickness Dependent Acoustic Vibrations 
We now show that we can control the quality factor of the acoustic vibrations by slowly 
evaporating a thin film of water that is left behind on the nanoparticles after evacuating the 
flow-cell. After the evacuation of the water from the flow-cell, the plasmon resonance is in 
between the wavelengths observed in water and air, indicating that the thickness of the water 
film is of order of the decay-length of the field associated with the longitudinal plasmon. The 
calculated approximation thickness of the water layer is shown in Figure 4.5.  
Mie’s theory gives an exact solution for the absorption and scattering cross sections, 
but applies only to spherical particles. The theoretical description of scattering of light by 
nanorods of finite length is complicated due to the lack of symmetry in the problem. To be 
able to deal with more general particle shapes, we will therefore approximate the shape of a 
nanorod with a very small ellipsoid, for which a simple solution to the scattering problem was 
developed in 1912 by Gans.40 The theory developed by Gans can also be used to calculate the 
absorption cross section of a confocal core-shell spheroid. This allows us to approximate the 
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effect of the thin water layer by modelling it as a water shell surrounding the spheroid. The 
inner or core spheroid has semiaxes 1a , 1b , 1c ; The outer spheroid has semiaxes 2a , 2b , 2c . 
The polarizability in a field parallel to major axis can then be expressed as:25  
(1) (2)
2 2 1 2 3 3 2 1 2
3 (1) (2) (2) (2)
2 1 2 3 3 2 3 3 2 1 2
(( )[ ( )( )] ( )) 4.5
([ ( )( )][ ( ) ] ( ))
m
m m
V L fL f
L fL L fL
ε ε ε ε ε ε ε εα ε ε ε ε ε ε ε ε ε
− + − − + −= + − − + − + −  
where 2 2 24 / 3V a b cπ= is the volume of the particle, 1 1 1 2 2 2/f a b c a b c= is the fraction of the 
total particle volume occupied by the inner ellipsoid, and (1)3L  and 
(2)
3L are the geometrical 
factors of the major axis for the inner and outer ellipsoids. The calculated plasmon shift of the 
core-shell spheroid as a function of the thickness of water layer is shown in Figure 4.5.  
In our experiments, the plasmon resonance of a gold nanorod red-shifts by ~50 nm 
when the surrounding medium is changed from air to water. After evacuation of the flow cell 
the red-shift reduces to ~30 nm, indicating that a thin layer of water remains on the particle. 
This plasmon shift can thus be used as an indicator for changes in the thickness of the water 
film surrounding the particle. Although the exact geometry of the water layer on the particle 
in our experiments is not known, this simplified model indicates that the effective thickness of 
the layer is in the range of a few to tens of nanometers. 
 












Thin film water layer (nm)
 
Figure 4.5: Calculated longitudinal surface plasmon resonance shift of a 25 nm × 54 nm core-
shell spheroid in air for different water shell thickness. The dielectric function of bulk gold is 
used as reported by Johnson and Christie.41 The green line is guide to the eye. 
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By flowing dry N2 gas through the flow-cell, the thin water layer around the gold 
nanorods slowly evaporates which is evidenced by a blue-shift of the plasmon. The 
evaporation can be halted by stopping the nitrogen flow, after which we study the vibrations 
as shown in Figure 4.6 and Figure 4.7.  After the pump-probe spectroscopy we find no further 
shifts of the plasmon resonance, indicating that the water film is stable under our 
experimental conditions. In Figure 4.6a and 4.6b we show the quality factors of extensional 
and breathing modes of a gold nanorod as functions of plasmon wavelength, i.e. water film 
thickness. The quality factors gradually increase as the water evaporates and eventually 
approach the same value as was measured for the same particle in air. The detailed oscillation 
curves are displayed in Figure 4.7. 
 


















Figure 4.6: Quality factors of (a) the breathing mode and (b) the extensional mode as a 
function of the plasmon wavelength shift for a single gold nanorod. The blue-shift of the 
plasmon resonance was induced by slowly evaporating a thin of water by a nitrogen flow. 
ΔSPR = 0 corresponds to the rod in air. 
 
The plasmon wavelength is sensitive to the effective refractive index of the surrounding 
medium in the mode volume of the particular plasmon mode under study.42 For example, the 
plasmon resonance of gold nanorod red-shifts by ~47 nm when the surrounding medium is 
changed from air to water. The plasmon resonance shift can thus be used as an indicator for 
changes in the thickness of the water film surrounding the particle. For all pump-probe 
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spectra measurements as shown here, we have recorded the white-light spectra to determine 
the plasmon shift, and also to help to choose the proper probe wavelength to get optimum 
contrast of the vibrations in the time traces.  
In Figure 4.7 we show the delay traces of a single gold nanorod in a thin film of water. 
Red lines are fits to the experimental data using eq 4.1 in the main text, from which we obtain 
the quality factor of the vibration. The water was gradually evaporated with a gentle flow of 
dry nitrogen, indicated by a gradual blue-shift of the plasmon resonance. After some time the 
nitrogen flow was stopped, and we recorded a vibration trace of the particle. We checked the 
plasmon resonance before and after the pump-probe measurements and found no detectable 
shift, indicating that the water film is stable on the timescale of our measurement. 
94 | P a g e  
 





































Figure 4.7: Acoustic vibrations of a single gold nanorod in different water environments as 
indicated by the longitudinal plasmon resonance shift. The particle is fully immersed in water 
for the top trace (ΔSPR 47=  nm) and the water was gradually evaporated until no further 
blue-shift was observed (bottom trace, ΔSPR 0=  nm). The red lines are fits using eq 4.1 in 
the main text. 
 
We verified the reproducibility of the measurements by repeatedly measuring the 
vibration traces of the same particles in water and in air as shown in Figure 4.8. After 
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immersion in water the medium was evacuated from the flow cell and remaining water was 
evaporated by a gentle flow of nitrogen. Complete evaporation of the water was evidenced by 
the blue-shift of the plasmon wavelength, which was the same for all the measurements 
conducted in the respective medium. The frequency of the breathing mode did not change 
significantly between the first and last measurement. However, the frequency of the 
extensional mode increased by ~ 20%. We hypothesize that this increased extensional 
frequency is caused by an increased coupling with the substrate. The breathing mode mainly 
involves radial displacement and its frequency is in first approximation not sensitive to the 
presence of the substrate. The damping times of both the extensional and breathing modes do 
not change significantly after several exchanges of the immersion medium. 
 
















































Figure 4.8: Vibration frequency and damping time of gold nanorods after repeated changes of 
the local environment. (a) Vibration frequencies, (b) damping times of the breathing mode, (c) 
vibration frequencies and (d) damping times of the extension mode of five different gold 
nanorods as indicated by different colors. 
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4.6 Discussions of Acoustic Vibrations  
Previous literature has assumed that the damping of the vibrations is cause by radiation of 
sound waves into the surrounding medium9 or by viscous damping.10 Recently, Pelton and co-
workers measured the quality factor of the extensional mode of an ensemble of gold 
bipyramids, and provided the first evidence that intrinsic damping mechanisms cannot be 
neglected.10-11 This observation was later confirmed by Ruijgork et al.13 who studied single 
gold nanorods that are optically trapped in water. Our results indicate that lubrication forces 
between the nanoparticle and the substrate also contribute significantly to the damping of 
acoustic vibrations. The degree of additional damping depends strongly on the vibrational 
mode. We observed hardly any effect for the breathing mode but a dramatic increase of 
damping for the extension mode.  
We now discuss the distribution of the quality factors that we observed in the 
measurements. In air we find 28 4airbrQ< > = ±  and 20 3airextQ< > = ± , corresponding to a 
distribution of 14% and 15% in width, respectively. This distribution might originate from 
differences in intrinsic damping (due to e.g. crystal defects) or the capping layer.10,13 For the 
particles in water, we measured quality factors of 20 3waterbrQ< > = ±  and 
4 1waterextQ< > = ± , which are distributed by 15% and 25%, respectively. We hypothesize that 
the additional spread in the Q-factor for the extensional mode originates from variations in the 
particle-substrate distance. Considering the presented hydrodynamic lubrication model we 
indeed expect that this spread in distance broadens the distribution of observed Q-factors for 
the extensional mode. As expected these variations in particle-substrate spacing do not 
significantly affect the breathing mode, leading to a distribution of Qbr that is similar for the 
particles in air and water. 
We now compare the current measurements to our previous study of acoustic vibrations 
of nanoparticles in an optical trap.13 In  that study we used gold nanorods with an ensemble 
average size of 25 nm × 65 nm, very similar to the ones used in this study. We can extract the 
contribution of the substrate by comparing the measurements in the optical trap to the current 
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measurements on immobilized particles immersed in water. The experiments in the optical 
trap yielded quality factors for the breathing and extensional mode of 30 1.5trapbrQ< > = ±  
and 19 1.7trapextQ< > = ± .13 The additional damping found in the current study for the 
particles immersed in water is caused by the presence of the substrate. We find that the 
substrate adds 60 28subbrQ = ± for the breathing mode, likely caused by increased radiation of 
sound waves into the glass. We thus conclude that the quality factor of the breathing mode, 
which mainly involves radial displacement, is not significantly affected by the substrate. This 
is in good agreement with a recent report by Major et al. on the radial vibrations of multiply 
twinned nanowires.43 For the extension mode we find a dramatic effect of the substrate when 
the particles are immersed in water, yielding 5.1 1.4subextQ = ±  when we compare to the 
measurements in the trap. As mentioned before this unexpectedly large damping of the 
extensional mode has not been observed before, and is likely caused by hydrodynamic 
lubrication forces between the nanoparticle and the substrate. This additional decay channel 
predominantly affects the extensional mode because it involves large displacements in the 
plane of the substrate.  These extensional mode measurements might thus provide a new 
method to measure the properties of liquids that are confined on molecular length scales.44 
Interpretation of these measurements using molecular simulation presents an interesting 
avenue for future work. 
 
4.7 Conclusion 
Acoustic vibrations of single gold nanorods have been measured in air and water by two-color 
pump-probe spectroscopy. The extension and breathing acoustic vibrations are observed in all 
the single gold nanorods. The damping of the two modes is influenced by the water 
environment, which results in lower quality factors for both modes. The reduced quality 
factor of the breathing mode is in good agreement with a model that takes into account 
radiation of sound waves into the environment, and viscous damping. The extension mode is 
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heavily damped when the particles are immersed in water, which we attribute to lubrication 
forces between the nanoparticles and the glass substrate. We showed that the quality factor of 
the vibration modes can be controlled by a thin layer of water on the nanoparticle. Our results 
indicate a new decay channel for the acoustic vibrations induced by the presence of a liquid 
and a substrate. The magnitude of the additional damping depends strongly on the mode 
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Chapter 5 Acoustic Vibrations of Single Gold 
Nanorods upon Ag Deposition 
 
Acoustic vibrations of single gold nanorods coated with silver were investigated. We used 
single-particle pump-probe spectroscopy to monitor the silver deposition through the particle 
oscillations. Two vibration modes, the breathing mode and extensional mode, are observed 
and the vibrational frequencies are measured as a function of the amount of silver deposited 
on single gold nanorods. The breathing mode frequency was found to decrease with silver 
deposition, while the extensional mode frequency was almost constant for silver shells up to 5 
nm. The frequency changes agree with a simplified model based on continuum mechanics. 
We found the quality factors for the breathing mode and the extensional mode are hardly 
changed as silver deposited. The introduced interface between gold and silver contributes 
negligibly to the damping of the particle vibrations. Finally, we demonstrated that an atomic 
layer of silver deposition was detectable using the particle acoustic vibrations. All optical 
spectroscopy of single particles was proved to be an in-situ sensitive method to detect the 
particle size changes. 
 
5.1 Introduction 
Plasmonic noble metal nanoparticles have attracted great attention due to their unique optical 
properties originating from the excitation of surface plasmon resonances. The plasmon 
resonance depends strongly on the size, shape, and composition of the particle, as well as the 
composition of the medium in which the particle is embedded.1 This sensitivity combined 
with their large scattering and absorption cross sections have led to various applications of 
metal particles in areas such as sensing and imaging.2-4 Recent experiments have 
demonstrated that the properties of metal nanoparticles can be tuned further by the deposition 
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of a second metal on their surface.5-8 Typically this deposition process is monitored through 
shifts of the surface plasmon resonance due to the changes in the shape of the particle and the 
dielectric constant in the local environment.9-10 However, the plasmon resonance is mostly 
sensitive to the shape of the particle, whereas the exact dimensions are difficult to obtain from 
the spectrum. A prime example of this effect is the longitudinal plasmon of a sub-wavelength 
gold nanorod, whose frequency strongly depends on the aspect ratio (length/diameter) of the 
particle but only weakly on its volume.11-12  
Recently, transient absorption spectroscopy has been employed as an alternative 
method to probe the deposition process via the acoustic vibrations of the coated particles.13-20 
The acoustic vibration frequency depends strongly on the elastic constants of the material and 
on the dimensions of the particle.21-22 It therefore provides an optical method to monitor 
changes in the vibration frequencies during the coating process, and yields information about 
the absolute particle size when the elastic constants are known. Several groups have reported 
on the acoustic vibrations of bi-metallic particles with different coating thickness.13,19-20 
However, these measurements were conducted on ensembles of nanoparticles and do not 
provide information on particle-to-particle variations or on possible additional damping 
mechanisms for example due to the creation of the metal-metal interface or the presence of 
crystal defects in the coating. 
In this study, we investigated single gold nanorods as resonators to detect the 
deposition of silver through their acoustic vibrations. We observed both the breathing and the 
extensional mode, whose frequency and damping time were measured as a function of the 
amount of silver that was deposited on the particle surface. The sensitivity of the breathing 
mode frequency to the silver deposition allowed us to demonstrate the detection of a silver 
layer with a thickness close to one monolayer. We found the quality factors of the breathing 
mode and extensional mode are nearly constant as the silver deposited, indicating that the 
vibrational energy loss is hardly affected by the introduced interface and defects scattering. 
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5.2 Experimental Section 
The gold nanorods used in this study were synthesized by silver-assisted seed-mediated 
growth in the presence of cetyltrimethylammonium bromide (CTAB).23 The gold nanorods 
have an ensemble average length of 54 ± 3 nm and a width of 25 ± 3 nm. A typical scanning 
electron microscopy (SEM) image is shown in Figure 5.1a. After preparation, remaining 
solutes were diluted by 4 orders of magnitude through centrifugation. For the single-particle 
experiments, the gold nanorods were spin-coated on a clean glass coverslip. The coverslip 
was then immersed in a phosphate buffered saline solution overnight and UV/ozone cleaned 
for 15 min to ensure a minimum of surfactant remaining on the surface of the particles. The 
sample was mounted in a flow-cell which allowed us to change the solvent around the 
nanoparticles. The experimental setup is schematized in Figure 5.1b. Gold nanorods were 
coated with silver by replacing the water in the flow-cell with a reaction solution. The 
reaction solution was prepared by mixing 4 mL of a 20 mM ascorbic acid solution with 1 mL 
of 2 mM sodium citrate and 0.2 mL of 2 mM silver nitrate solutions. The silver ions will be 
reduced by the ascorbic acid and stabilized by the sodium citrate before deposition onto gold 
nanorods. This solution was left in the flow cell for 10 min for each silver coating step. To 
stop the deposition, the reaction solution was replaced by an aqueous solution of 100 mM 
ascorbic acid. We found that the presence of ascorbic acid as a reducing agent prevented the 
oxidation of silver in pure water that we observed by a time-dependent red-shift of the 
plasmon resonance. Oxidation was especially pronounced when the particles were heated due 
to illumination by the pump- and probe-pulses, but was completely suppressed in the presence 
of ascorbic acid.  
 The white-light and pump-probe spectroscopy was described earlier.3,21,24-25 White-
light spectra of the particles were recorded in a reflection geometry.26-27 The white-light beam 
was focused onto the sample surface using a high-numerical-aperture objective (NA=0.9). 
The reflected light from the glass-water surface interfere with the scattered light from 
particles and directed through a 50 μm pinhole and a band-pass filter and sent to a single-
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photon-counting avalanche photodiode (APD). A 20 × 20 μm2 raster scan image was recorded 
by scanning a piezoelectric stage and recording the reflected optical signal. The white-light 
spectrum of a single particle in the focus of the objective lens was recorded using a 
spectrometer equipped with a nitrogen-cooled charge-coupled device camera.  
Acoustic vibrations of single gold nanorods were excited with the pulse train from a 
Ti/sapphire laser with a repetition rate of 76 MHz (wavelength 785 nm, ~300 fs pulse length). 
This pump laser beam was modulated by an acousto-optical modulator at a frequency of 400 
kHz. The relative transmission change was probed by the frequency-doubled output of an 
optical parametric oscillator (OPO), tunable between 520 and 700 nm. The measured plasmon 
wavelength allowed us to choose the proper probe wavelength to observe both the breathing 
and extension vibration modes in the time traces.21,25 The transmitted intensity of the probe 
beam was recorded with a fast Si-PIN photodiode, and a lock-in amplifier extracted the small 
change of the detected probe intensity Tδ at the modulation frequency. The vibration trace of 
the nanorods was constructed by recording ( )T tδ  as function of the time delay t  between the 
pump and the probe pulses, controlled using a mechanical delay stage. In all measurements, 
the pump and probe-pulse energies were kept low to ensure that no melting or reshaping of 













Figure 5.1: (a) Scanning electron micrograph of the gold nanorods dropcast on a silicon 
substrate. From such images, we extract an ensemble average size of 54 ± 3 nm in length and 
25 ± 3 nm in width. (b) Scheme of the experimental setup described in the main text. The 
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dash-dot box indicates how the pump- and probe-beam are focused on a single nanorod (not 
to scale). The white-light beam and the pump- and probe-pulses are focused by a high-
numerical-aperture objective (NA = 0.9) on the sample surface. The transmitted probe pulses 
are collected by a lower-numerical-aperture objective (NA = 0.75) and are directed to the 
appropriate detector. RS: aqueous reaction solution (4 mL 20 mM ascorbic acid, 1 mL 2 mM 
sodium citrate, 0.2 mL 2 mM silver nitrate), AA: ascorbic acid (100 mM aqueous solution). 
LS: light sources including white-light, pump- and probe-pulses. 
 
5.3 Estimation of the Silver Shell Thickness 
The coating of silver on the surface of the gold nanorods was confirmed by measuring single-
particle white-light spectra before and after incubation in the reaction solution. Examples of 
typical white-light spectra of the same gold nanorod after different successive incubation 
steps are shown in Figure 5.2a. In agreement with previous reports, the longitudinal plasmon 
of Au/Ag core-shell nanorods was found to blue-shift as the silver coating grew thicker.11-12,28  
We now estimate the thickness of the silver shell based on the measured blue-shift of 
the longitudinal plasmon. Brioude et. al concluded that the Mie-Gans’ ellipsoid model was 
able to adequately account for the various peaks in the extinction spectra of gold nanorods.29 
Prescott et al.30 later proved that the rod end-cap geometry also affects the peak position of 
the spectra. In this work, we used the Mie-Gans’ ellipsoid model because it allows us to 
calculate both the plasmon spectra of Au and Au/Ag core-shell nanoparticles. By using Mie-
Gans’ ellipsoid model, we assumed that (1) the particle is embedded in a homogeneous 
environment with an effective refractive index, with no substrate present, (2) that the particle 
has a spheroidal shape, and (3) that the silver is deposited confocally onto the particle. The 
corresponding calculated spectra of Au/Ag core-shell spheroids are shown in Figure 5.2b, 
where the silver shell thickness was varied to match the measured plasmon peaks as shown in 
Figure 5.2a. We find that the measured plasmon shift from 1.9 eV to 2.2 eV is caused by a 
silver shell of approximately 4 nm in thickness. The calculated silver shell thickness is in 
reasonable agreement with reported transmission electron microscopy measurements,11-12,18 
where a 3 nm silver shell on nanorods of 51 ± 7 nm in length and 17 ± 3 nm in width blue-
shifts the plasmon resonance by ~ 0.3 eV.18 Because of the approximated ellipsoid model and 
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the effective refractive index, the estimated silver shell thickness errors are evaluated as 
shown in Figure 5.3. Nevertheless, the calculated silver shell thickness is almost identical 
with a layer less than 1 nm. 
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Figure 5.2: (a) Examples of normalized white-light spectra of a single gold nanorod during 
the coating with a silver shell. The plasmon resonance blue-shifts with increasing thickness of 
the silver shell, as indicated by the arrow. (b) Calculated extinction spectra of a gold spheroid 
(23 nm × 62 nm) confocally coated with different silver shells and immersed in water 
(refractive index n = 1.33). The particle dimensions and the shell thickness were fitted to 
match the calculated plasmon wavelength with the measured white-light spectra. (c) Silver-
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coating-induced plasmon wavelength shift (photon energy) and the damping quality factor 
(Q-factor) of a few gold nanorods as indicated by different colors. 
 
a) b)





























Ag shell thickness (nm)
Figure 5.3: (a) The calculated longitudinal plasmon peak ( maxλ ) versus aspect ratio (AR) for a 
Au nanorod using two different models, an ellipsoid and a spherical capped cylinder. The 
surrounding environmental refractive index is considered as pure water (n=1.33) or pure glass 
(n=1.5). A dash line indicates the approximated AR uncertainty for a gold nanorod maxλ = 660 
nm. The approximated aspect ratio of the gold nanorod maxλ = 660 nm varied from 2.0 to 2.7. 
(b) The plasmon resonance shifts of gold nanorods upon silver shell deposition. 
 
 
The evolution of the Q-factor of the longitudinal plasmon with increasing silver shell 
thickness for several particles is shown in Figure 5.2c. The spectral curves were fitted by a 
Lorentz function which gives the plasmon energy and line-width. The Q-factor slightly 
decreases however when the plasmon energy approaches the interband transitions in gold that 
have an onset energy of ~2 eV. We thus conclude that, for thin silver shells, the metal-metal 
interface or crystal defects in the silver layer do not significantly affect the plasmon 
dephasing time.  
 
5.4 Acoustic Vibrations of Au/Ag Core-Shell Nanorods 
Figure 5.4a shows the delay traces of a single gold nanorod with different silver shell 
thicknesses. The corresponding white-light spectra of the same particle are displayed in 
Figure 5.2a. The delay traces show pronounced modulations arising from acoustic vibrations 
superposed on an exponentially decaying background due the gradual cooling of the hot 
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lattice. The delay traces were fitted with an exponential decay superposed on a sum of two 
damped oscillating terms:21,25 
( , )
( ) / exp( / ) exp( / ) cos(2 ) (1)c cool k k k k
k ext br
T t T A t A t tδ τ τ πν φ
=
= − + − −∑  
where the first term represents the cooling of the particle and coolτ  is the characteristic time 
for heat exchange between the crystal lattice and the environment. The oscillating term 
corresponds to two damped oscillation modes, with k = extension (ext) or breathing (br), each 
one with its own characteristic decay time kτ , frequency kν , phase kφ . cA and kA are 
proportionality constants. Fitting eq 1 to the vibrational trace gives the extension and 
breathing frequencies. The power spectral density of the traces is shown in Figure 5.4b, which 
exhibits two peaks due to the breathing and the extension modes. The frequency of the 
extensional mode is relatively constant, while the breathing mode shifts from 102 GHz to 79 
GHz as the silver shell thickness increases from 0 nm to 4 nm. 
 





































Figure 5.4: (a) Acoustic vibrations of a single gold nanorod coated with silver shell with 
thickness varying from 0 nm (bottom) to 4.3 nm (upper), corresponding white-light spectra 
are shown in Figure 5.2a. All the curves display both the breathing mode and the extensional 
mode. The red lines are fits to the experimental data using eq 1. (b) Power spectral density of 
the oscillatory part of the traces in (a). The extensional mode at low frequency hardly changes 
with increasing silver thickness up to 4 nm, while the frequency of the breathing mode 
decreases as indicated by the arrow. 
 
Figure 5.5a and 5.5b show the measured frequencies of the extensional and breathing 
modes of several gold nanorods as functions of the deposited silver layer thickness. The 
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frequency of the extensional mode does not change significantly for silver layer thickness up 
to 5 nm. However, the frequency of the breathing mode decreases gradually with increasing 
silver shell thickness for all the particles we studied.  
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Figure 5.5: Vibrational frequencies and damping times of gold nanorods coated with various 
amount of silver shell. Experimental data of the vibrational frequencies of extensional mode 
(a) and breathing mode (b) of gold nanorods upon a gradual increase of the silver shell 
thickness up to 5 nm. Quality factors of the extensional mode (c) and the breathing mode (d) 
of gold nanorods coated with various amount of silver shell. 
 
The exact calculation of the vibrational behaviour of a core-shell nanorod supported on 
a substrate requires extensive modelling and is beyond the scope of the current work. Instead, 
we will use a simple model to provide a qualitative understanding of the observed behaviour. 
Hu et al. employed continuum mechanics to derive expressions for the breathing and 
extensional vibrational frequencies of a mono-metallic, slender nanorod.22 For a cylindrical 
rod with a length L and radius R, the vibrational frequencies were expressed in terms of the 
elastic moduli and dimensions of the nanorod as:  












where the non-negative integer n  indicates the radial mode number (for the fundamental 










where the non-negative integer m indicates the extension mode number (for the fundamental 
extension mode 0m = ), ( )slc is the longitudinal speed of sound in the metal. E  is the 
Young’s modulus along the long particle axis, and ( )sρ is the density of the metal. The 
eigenvalue nϕ for the breathing mode of a slender rod is given by 
0 1( ) (1 2 ) ( ) / (1 )n n nJ Jϕ ϕ σ ϕ σ= − − , where σ is Poisson’s ratio.31  For the fundamental 
breathing mode, 0 2.28ϕ = . 
To qualitatively understand the vibration frequencies of gold nanorods upon silver 
deposition, Au/Ag core-shell bimetallic nanorod was also applied to the continuum mechanics 
which was developed for a monometallic cylinder nanorod as an approximation. Gold 
nanorods synthesized by seed-mediated growth in the presence of silver ions are known to be 
single crystals with a growth direction along the [1 0 0] direction.32-34 Silver-coated gold 
nanorods synthesized according to literature by adding a coating solution containing silver 
ions to preformed gold nanorods are maintained monocrystallinity of the particle, where the 
epitaxial growths of silver shell on the gold particles.10-11,35 The silver is assumed to be 
uniformly deposited onto the particle. The detailed calculation results are shown in Figure 5.6. 
The vibrational frequencies of the breathing mode decreased with increasing the silver shell 
deposition, whereas the vibrational frequencies of the extensional mode hardly changed. 
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Figure 5.6: Calculated vibrational frequencies of the breathing mode (a) and the extensional 
mode (b) of gold nanorods with size 25 nm × 54 nm versus the uniformly coating of a silver 
shell. 
 
Figure 5.5c and 5.5d show the quality factors of extensional mode and breathing mode 
of gold nanorods with coating of different amounts of silver. The quality factors of bare gold 
nanorods deposited on glass substrate and immersed in water are 5.6 0.7extQ = ±  and 
23.5 2.0brQ = ±  for the extensional mode and breathing mode, respectively. The values are 
slightly larger than what we have recently measured which probably due to the less surfactant 
on gold nanorods. The quality factors of the extensional mode and the breathing mode after 
continuously coating a silver shell up to 5 nm were relatively constant. The introduced 
interface between metal-metal and defects do not give extra damping to the vibrational energy 
loss.  
 
5.5 Monitoring the Atomic Layer of Silver Deposition 
In order to know the setup stability and measurement accuracy, we continuously measured the 
pump-probe signal of one particle for ten times, while maintaining other conditions 
unchanged. The obtained vibrational frequencies of the extensional mode and the breathing 
mode are shown in Figure 5.7a. The vibrational frequencies of the extensional mode and 
breathing mode are 17.11 ± 0.33 GHz and 102.92 ± 0.23 GHz, respectively. During the 
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measurements, the solvent in the flow cell (growth solution or ascorbic acid) was pumped in 
and pumped out for many times depending on the growth steps. The absorbed molecules on 
the gold nanorods could be washed away. In order to know the recycling solvent effect, we 
measured the pump-probe signal of another single gold nanorod for ten times after each 
recycle. The obtained vibrational frequencies of the extensional mode and the breathing mode 
are shown in Figure 5.7b. The vibrational frequencies of the extensional mode and breathing 
mode are 16.46 ± 0.09 GHz and 102.65 ± 0.25 GHz, respectively. The standard deviation of 
the extensional mode and the breathing mode owning to the experimental setup is relatively 
small and less than 0.3 GHz, which makes it accurate to determine the silver deposition 
effects on the acoustic vibrations of single gold nanorods. The high accuracy in frequency 
measurements should enable us to detect very thin layers of silver by the acoustic vibrations. 
To verify this dependence, we measured the vibrations of gold nanorods with very thin layer 
of silver deposited (less than 1 nm). The silver deposition was controlled by the reaction time 
and estimated by measuring the white-light spectrum. The detailed results are shown in 
Figure 5.8.  
























Recycling errorMeasurements errora) b)
Figure 5.7: The vibrational frequencies of the extensional mode and the breathing mode of a 
single gold nanorod in repeated measurements (a) and of another single gold nanorod in 
recycling measurements (b). 
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Figure 5.8: Measured vibrational frequencies of the extensional mode (a) and the breathing 
mode (b) of particles with different silver shell thicknesses up to 1 nm (thickness estimated 
from shifts in the white-light spectra).  
 
 The measured vibrational frequencies of several gold nanorods with a thin layer of 
silver are shown in Figure 5.8a and 5.8b and the corresponding quality factors are shown in 
Figure 5.8c and 5.8d. The breathing frequencies decrease upon deposition of a few atomic 
layers of silver, whereas the extensional frequencies do not show an obvious trend. Therefore, 
it is feasible to detect only a few atomic layers silver deposition on gold nanorods with all 
optical methods while it is even hard to be distinguished by transmission electron microscopy. 
The current all optical methods make it possible to in-situ quantitatively detect the mass 
deposition in various environments. 
 
5.6 Conclusion 
The acoustic vibrations of Au/Ag core-shell nanorods were investigated for varying amounts 
of deposited silver using single-particle pump-probe spectroscopy. Continuous silver coating 
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of single gold nanorods was achieved by carefully control the synthesis parameters. We 
determined the silver thickness by combining the single-particle absorption spectroscopy and 
acoustic vibrations of Au/Ag core-shell nanorods. Starting from single bare gold nanorods, 
the vibrational frequency of the breathing mode was found to decrease with increasing the 
silver thickness, whereas the changes of the extensional mode are much weaker. The 
measured vibrational frequencies are consistent with a simple model based on continuum 
mechanics. The deposited silver on gold nanorods did not give significant damping to the 
breathing mode and the extensional mode. We demonstrated that the all optical methods are 
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Chapter 6 Conclusions and Perspectives 
 
In this thesis we have investigated the nonlinear optical properties of gold nanorods with both 
ensemble measurements and single-particle studies by using transient absorption spectroscopy 
and we have also investigated the nonlinear spectra changes of gold nanorods after coating 
with another silver shell. Here we conclude the thesis and reviewing the main results and 
providing a perspective on future work. 
 
6.1 Thesis conclusions 
The unique optical properties of metal nanoparticle which derive from the localized surface 
plasmon resonance (SPR), are the main aspects to inspire the tremendous investigations in the 
past two decades. In Chapter 1, we calculate the extinction spectra of metal nanoparticles, 
such as gold spheres, nanorods, Au/Ag core-shell nanorods, based on Mie’s theory. The SPRs 
are sensitive to the size, shape and composition of the particles. We also calculate the 
transient absorption spectra and plasmon dynamics of metal nanoparticles after pulsed laser 
excitation by using Rosei model and two-temperature model. The excitation dynamics of 
metal nanoparticles are thus well theoretically described. Finally, the experimental setups 
which used for ensemble measurements and single-particle studies are elaborated.  
An investigation of the electron dynamics of gold nanorods under different excitation 
wavelength are presented in Chapter 2. Under different excitation conditions, we observed 
different bleaching saturation behavior of transverse and longitudinal plasmon bands under 
high excitation pump fluences. We have tried to explain the results with a consistent picture: 
the bleaching amplitude and electron-phonon relaxation time are directly related to energy 
distribution into different modes, which are excitation wavelength and fluence dependent. 
Because of the well developed laser sources and the wide range of probing wavelength 
which covering the plasmon resonance spectra, the measurements in solution provide an easy 
124 | P a g e  
 
way to study the nonlinear optical properties of metal nanoparticles. However, the samples 
studied are inhomogeneous including the size, shape by chemical synthesis methods. It makes 
it very difficult to understand of the transient absorption spectrum of metal nanoparticles. 
Furthermore, by eliminating the inhomogeneous effect, more information about the 
oscillation frequency, damping of the plasmons can be accessed. Therefore, it is also 
important to study the nonlinear optical properties of single particles. 
In Chapter 3, we conducted the two-colour pump-probe spectroscopy of a single gold 
nanorod on glass substrate. By correlating the scattering spectra with the transient absorption 
spectra, we can identify the same particle with the linear properties to its nonlinear optical 
properties. The transient absorption spectra of a single gold nanorod are quantitatively 
described via the transient electron temperature and density in gold considering both 
intraband and interband transitions. From the electron-phonon decay time we found an 
electron phonon coupling constant in single gold nanorods which is in good agreement with 
the ensemble measurements as reported in Chapter 2 and also consistent with previous studies.  
Although the plasmon dynamics have been extensively investigated by ensemble 
measurements and single-particles studies, interactions between the particles and the 
environment remains to be done. Having a quantitatively understanding for energy dissipation 
to the environment would allow more practical applications, such as controlling the energy 
flow and allowing single particle transient absorption experiments to be used as a probe of the 
microenvironment, etc.. In Chapter 4, we conducted the damping measurements of 
immobilized single gold nanorods in different environments. When immersed in water, the 
decrease of the quality factor of the breathing mode is in good agreement with a model that 
takes into account viscous damping and radiation of sound waves into the medium. For the 
extension mode however we observe an extremely low quality factor when the particles are 
immersed in water. The effect is much stronger than expected from viscous damping, and is 
attributed to hydrodynamic lubrication forces in a thin water layer between the nanoparticle 
and the glass substrate.  
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In Chapter 5, the acoustic vibrations of gold nanorods coated with silver were 
investigated as a function of silver amount deposition using single-particle pump-probe 
spectroscopy. Both the extensional and breathing vibrational modes of the nanorods were 
coherently excited and detected. This permits precise determination of their periods. The 
period of extensional mode does not change obviously when silver thickness coating up to 5 
nm in our studies. However, the frequencies of the breathing mode were found to decrease 
with increasing the silver deposition. Those behaviours reflect the changes of nanoparticle 
size, in agreement with numerical simulations. The acoustic vibrations of the particles 
allowed us to detect even one layer of silver atoms deposited on gold nanorods. The sensitive 
response of breathing mode provides a novel tool to characterize the small amount of mass 
deposition on gold nanorods. The pump-probe spectroscopy for small metal nanoparticles 
could be even improved to detect the single bio-molecular attachment.   
 
6.2 Perspectives 
Ultrafast spectroscopy is an interdisciplinary area of research that spans various disciplines 
for physics, chemistry to life sciences. With the help of pulsed lasers, it is possible to study 
processes that occur on time scales as short as 10-15 seconds. Transient absorption 
spectroscopy is an extension of absorption spectroscopy. As we have already known, the 
metal nanoparticles exhibit spectacular optical properties in the visible range, and also the 
coupling between nanoparticles gives more interesting optical phenomenon. Generally, most 
studies are focused on their linear optical properties, however, the nonlinear optical properties 
are rarely discussed, especially on ordered metal nanostructures.  
Single-particle studies have developed into a mature and powerful research approach 
that is adding new insights into many different areas within the physical and life sciences. The 
ability to detect and perform experiments on single particle opens up new experimental 
approaches for investigating the physical world. One is no longer limited by ensemble 
averaging, making it possible to detect intrinsic phenomenon, to visualize rare events and to 
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gather information over the heterogeneity of the sample. The single-particle studies are 
especially important for metal nanoparticles which the optical properties are well related with 
the size and shape of the particles. It is very important to correlate the structure of metal 
nanoparticles to the optical properties and theory, which will pave the way for us to utilize the 
linear optical properties of metal structures. 
Although the ways of the different dynamical process in metal nanoparticle, including 
electron-electron, electron-phonon coupling, particle cooling and coherent excitation and 
damping of acoustic vibrations in metal nanoparticles are reasonably well-known, transient 
absorption studies of single metal nanoparticles is a relatively unexplored area of research at 
present. As the laser sources for the single particle measurements improves, it is possible to 
study the particles with relatively small sizes even down to the clusters, which will bring us 
the information to bridge the molecular dynamics to particles dynamics. This will yield a 
molecular-level understanding of the metal dynamics and finally can be used as a molecular 
detection in microenvironment. 
In this thesis, we try to understand the transient absorption spectroscopy of gold 
nanorods, and Au/Ag core-shell nanorods in solution and single particle measurements. No 
doubt, there are still lots of rooms to study the transient absorption changes through the 
interactions between metal nanoparticle and semiconductor, molecular etc. which will benefit 
the various kinds of applications from solar cell to bioengineering. Our vision, perhaps rather 
naive, is to design and predict a certain structure with specific transient absorption spectrum 
and electron dynamics. We anticipate that the well understood nonlinear spectroscopy will 
help us to control the physical processes in ultra-short time scales. 
